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Abstract 


A 

The  AGARD  Propulsion  and  Energetics  Panel  has  sponsored  an  international,  inter-facility  comparison  programme  for 
turbine  engine  test  facilities  over  the  past  nine  years.  The  effort  was  driven  by  the  critical  nature  of  engine  test  measurements 
and  their  influence  on  aircraft  performance  predictions,  as  well  as  the  need  for  a  sound  understanding  of  test-related  factors 
which  may  influence  such  measurements.  The  basic  idea  was  that  a  nominated  engine  would  be  tested  in  several  facilities,  both 
ground-level  and  altitude,  the  results  then  compared,  and  explanations  sought  for  any  observed  differences.  This  Lecture 
Series  presents  the  information  obtained  from  this  comprehensive  program.  Emphasis  is  given  to  the  definition  and 
explanation  of  differences  in  test  facility  measurements  and  to  the  lessons  learned  from  this  unique  experiment.  ,  4  .  *, 

This  Lecture  Series,  sponsored  by  the  Propulsion  and  Energetics  Panel  of  AGARD.  has  been  implemented  by  the  Consultant 
and  Exchange  Programme. 


Resume 


Ces  neuf  dernieres  annees  le  Panel  AGARD  de  Propulsion  et  d’Energetique  a  cautionne  un  programme  international  de 
comparaison  sur  les  installations  de  test  des  turbomachines.  Le  projet  doit  son  existence  au  caractere  critique  des  mesures 
effectuees  lors  des  essais  en  raison  de  leur  incidence  sur  les  previsions  des  performances  des  aeronefs,  ainsi  qu'au  besoin  des 
bien  comprendre  tous  les  facteurs  lies  aux  essais  qui  auraient  pu  influer  sur  de  telles  mesures. 

La  notion  de  base  du  programme  a  ete  de  choisir  un  moteur  pour  ensuite  le  tester  dans  un  certain  nombre  d’installations,  tant  au 
sol  quen  altitude;  de  comparer  les  resultats  et  de  tenter  d’expliquer  toute  difference  consiatee  dune  installation  a  I’autre. 

Ce  cycle  de  conferences  presente  les  informations  issues  de  ce  programme  tres  complet.  Les  communications  mettent  1'accent 
sur  la  definition  et  lexplication  des  ecarts  constates  dans  les  mesures  obtenues  des  differcntcs  installations  de  test  et  sur  les 
enseignements  retires  de  cette  experience  unique. 

Ce  cycle  de  conferences  est  presente  dans  le  cadre  du  Programme  des  Consultants  et  des  Echanges,  sous  legide  du  Panel 
AGARD  de  Propulsion  et  d'Energetique. 
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PREFACE 


by 

DrJ.G.Mitchell 

Micro  Craft  Inc. 

Corporate  Headquarters 
207  Big  Springs  Avenue 
P.O.  Box  370 

Tullahoma,  TN  37388-0370 
United  States 

It  has  been  well  known  that  test  techniques,  test 
facilities  and  test  instrumentation  for  ground  testing  of 
turbojet  engines  vary  between  countries  and  even  within  the 
same  country.  The  impact  of  these  differences  on  the 
reported  measurements  and  performance  has  remained 
speculation  since  no  controlled  test  program  has  evolved  to 
address  the  issues.  With  an  increase  in  the  international 
development  of  new  turbojet  engines  and  international  engine 
purchases,  the  need  to  define  and  resolve  these  testing 
inconsistencies  has  increased. 

The  Propulsion  and  Energetics  Panel  (PEP)  of  AGARD 
recognized  this  growing  problem  and  sponsored  an  ambitious 
program  to  resolve  it.  Working  Group  15,  entitled  the 
Uniform  Engine  Testing  Program,  was  formed  over  ten  years 
ago  to  organize  and  direct  an  international  turbo ject  engine 
testing  program  and  to  analyze  the  test  results.  Tests  were 
conducted  in  five  countries  (eight  test  facilities)  in  both 
altitude  simulation  facilities  and  ground  test  beds.  A 
program  which  was  initially  expected  to  be  lengthy  by  AGARD 
Working  Group  standards,  grew  even  longer  as  the  various 
test  centers  were  caused  to  delay  testing  as  a  result  of 
pressing  national  needs.  The  tenacity  of  Working  Group  15 
members  and  the  continued  support  of  the  PEP  membership  and 
AGARD  National  Delegates  permitted  the  program  to  reach  a 
successful  conclusion. 

It  is  the  purpose  of  this  Lecture  Series  to  present  the 
results  of  this  lengthy  and  unprecedented  investigation  to 
the  aerospace  community.  Two  documents  have  been  published 
by  Working  Group  15,  i.e.,  AGARD- AR- 2 4 8  (The  Uniform  Engine 
Test  Programme)  and  AGARDograph  307  (Measurement 
Uncertainty) .  These  two  documents  contain  the  basic  content 
of  this  Lecture  Series.  However,  there  were  many  additional 
investigations  and  much  rationale  that  was  not  published. 
These  Lecture  Series  notes  contain  selected  portions  of  that 
additional  information  and  are  intended  as  a  supplement  to 
the  documents  already  published. 

The  Lecture  Series  emphasizes  four  main  topics: 

Design  and  Conduct  of  the  Test  Program 

-  Comparison  of  Test  Results 

-  Data  Uncertainty  Analyses 

Lessons  Learned  from  the  Program  Analysis 

The  AGARD  PEP  extends  its  sincere  gratitude  to  the 
dedicated  members  and  consultants  of  Working  Group  15  and  to 
the  participating  test  centers  which  supported  the  test  and 
analyses  with  excellent  people  and  which  bore  the  heavy 
expenses  of  the  testing  program. 
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DESIGN  OF  THE  UETP  EXPERIMENT 

By 

Robert  E.  Smith,  Jr. 

Vice  President  and  Chief  Scientist 
Sverdrup  Technology,  Inc./AEDC  Group 
Arnold  Engineering  Development  Center 
Arnold  Air  Force  Base,  TN  USA 


SUMMARY 

An  experiment  was  successfully  designed  to  meet  the  objectives  of  the  Uniform  Engine  Test  Program 
(UETP)  as  defined  by  the  Propulsion  and  Energetics  Panel  (PEP)  of  AGARD.  The  experiment  was  based  on  the 
use  of  two  specially  modified  J57-PW-19W  turbine  engines.  The  experiment  was  compatible  with  the  capability  and 
availability  of  eight  different  engine  test  facilities  located  within  five  NATO  countries.  Four  of  these  test  facilities  are 
ground-level  engine  test  facilities,  and  four  are  altitude  engine  test  facilities.  The  experiment  as  designed  was 
consistent  with  tne  test  resources  available  at  each  test  site. 

The  design  of  the  experiment  included  the  specification  of  the  test  article,  the  matrix  of  variables,  the 
experimental  measurements,  and  the  formats  of  the  test  reports.  In  addition,  the  design  of  the  experiment  included 
the  definition  of  three  key  methodologies,  i.e.,  test,  data  processing,  and  measurement  uncertainty,  to  the  minimum 
extent  necessary  to  meet  the  objectives  of  the  UETP,  and  to  maximize  the  level  of  confidence  in  the  comparative 
engine  performance  measurements  from  each  facility.  This  approach  was  consistent  with  a  basic  requirement  of 
the  UETP,  which  was  to  utilize  local  test  facility  practices  to  the  maximum  extent  possible. 

The  experiment  as  designed  was  defined  in  a  General  Test  Plan  which  was  coordinated  with  and  approved 
by  all  participants  in  the  Uniform  Engine  Test  Program.  The  General  Test  Plan  was  published  and  made  available 
to  all  program  participants.  A  literature  search  did  not  identify  any  existing  publications  which  defined  experiments 
of  the  scope  required  for  the  UETP. 

The  successful  design  of  the  UETP  experiment  was  a  major  technical  and  management  accomplishment 
and  was  a  key  contributor  to  the  success  of  the  UETP.  The  General  Test  Plan  should  serve  as  a  baseline  for  the 
design  of  future  experiments  having  the  scope  and  complexity  of  the  AGARD  Uniform  Engine  Test  Program. 


LIST  OF  SYMBOLS 

TC  Test  Condition 

UETP  AGARD-PEP  Uniform  Engine  Test  Program 


1.0  INTRODUCTION 

The  overall  rationale  and  objectives  for  the  Uniform  Engine  Test  Program  (UETP)  were  given  in  Lecture  1. 
One  of  the  very  first  requirements  of  the  UETP  was  the  design  of  an  experiment  which  would  fulfill  the  program 
objectives  within  the  constraints  that  were  imposed.  The  experiment  was  required  to  provide  information  which 
could  be  used  to  quantify  the  similarities  and  differences  in  turbine  engine  performance  measurement  capabilities 
of  various  jet  engine  test  facilities  located  within  the  NATO  countries.  The  primary  constraints  imposed  were  as 
follows: 

1.  Steady-state  engine  performance  only  was  to  be  measured. 

2.  The  experiment  was  to  be  compatible  with  the  capabilities  of  both  ground-level  test  facilities  and 
altitude  test  facilities  which  were  operational  in  the  NATO  countries. 

3.  The  scope  and  duration  of  the  program  were  to  be  the  minimum  consistent  with  the  test  facility 
resources  and  engine  operating  times  available  at  each  of  the  participating  test  facilities. 

4.  Local  practices  for  the  design  of  test  equipment,  installation  of  the  test  article,  and  operation  of  the  test 
facility  were  to  be  utilized  to  the  maximum  extent  possible. 

5.  The  experiment  was  to  be  designed  to  provide  the  highest  levels  of  confidence  in  the  comparative 
results. 

The  seven  major  elements  or  building  blocks  of  the  UETP  experiment  are: 

1.  Selection  of  Test  Articles 

2.  Specification  of  Matrix  of  Variables 

3.  Identification  of  Experimental  Measurements 

4.  Definition  of  Test  Methodology 

5.  Specification  of  Test  Data  Processing 

6.  Definition  of  Measurement  Uncertainty 

7.  Content  of  Reports 

Each  of  these  elements  will  be  discussed,  and  the  requirements  for  each  will  be  identified.  Some  of  the  design 
alternatives  that  were  considered  will  be  presented,  and  the  final  design  chosen  for  the  UETP  will  be  described. 
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The  details  of  the  UETP  experiment  were  documented  in  the  General  Test  Plan  (GTP)  (see  Ref.  1).  The 
contents  of  the  GTP  and  some  of  the  management  and  administrative  practices  followed  in  the  preparation  and 
maintenance  of  the  GTP  will  be  described. 


2.0  DESIGN  OF  EXPERIMENT 

The  seven  major  elements  of  the  UETP  experiment  are  discussed.  Some  of  the  alternatives  considered  are 
presented.  The  final  designs  chosen  for  each  element  are  described. 

2.1  Selection  of  Teat  Article 

This  first  element  relates  basically  to  the  selection  of  an  optimum  jet  engine.  The  primary  considerations  in 
the  selection  of  the  engine  relate  to  the  “ — ilities":  availability,  reliability,  and  supportability. 

The  most  basic  engine  requirement  was  that  two  engines  be  available  for  the  duration  of  the  experimental 
portion  of  the  program.  The  primary  reason  for  two  engines  was  to  provide  redundancy  in  the  event  that  one 
engine  should  be  damaged  during  the  course  of  the  test  program.  A  secondary  requirement  for  the  second  engine 
was  to  provide  insight  into  the  variability  of  facility  test  data  to  the  extent  that  both  engines  survived  the  total  test 
program. 

The  engines  also  had  to  be  extremely  reliable.  The  test  program  was  expected  to  require  hundreds  of  hours 
of  engine  operation  over  a  period  of  several  years.  To  minimize  me  cost  and  calendar  time  required  to  complete 
the  program,  it  was  essential  that  the  engines  withstand  these  operating  requirements  with  little  or  no  maintenance 
and  repair  and  that  only  normal  servicing  be  required.  It  was  also  a  requirement  that  the  engine  have  little  or  no 
performance  change  during  the  hundreds  of  hours  of  operation  so  that  engine  performance  variation  would  not  be 
a  major  factor  in  the  comparison  of  the  facility  performance. 

It  was  essential  mat  me  engine  have  a  high  level  of  field  supportability.  These  supportability  requirements 
included  spare  parts,  maintenance  and  repair  tooling  and  resources,  and  mature  engine  documentation.  This 
required  documentation  included  engine  operating  instructions  and  engine  sen/ice  instructions  so  that  the  engines 
could  be  effectively  operated  by  the  normally  assigned  personnel  in  each  of  me  facilities  without  the  necessity  for 
additional  specialized  training. 

Finally,  to  ensure  applicability  of  the  UETP  results  to  current  and  future  programs,  it  was  desired  that  the 
engines  contain  at  least  contemporary  technology  levels  in  the  aerodynamic,  thermodynamic,  and  structural 
design.  Ultra-modem,  state-of-the-art  technology  was  not  desired. 

To  ensure  the  widest  possible  participation  in  the  UETP  it  was  required  mat  me  engine  size  (measured 
primarily  in  terms  of  airflow  capacity)  be  compatible  with  a  large  number  of  NATO  facilities.  Further,  as  a  test  cost 
containment  feature,  and  to  simplify  the  test  program,  it  was  required  mat  a  non-afterburning  engine  configuration 
be  chosen.  Finally,  to  provide  maximum  confidence  in  me  test  results,  it  was  required  that  the  test  engines  have 
only  minimum  or  no  variable  geometry  so  that  small  variations  in  geometric  schedules  as  a  function  of  operating 
time  and  set-up  and  adjustment  would  have  no  effect  or  an  absolutely  minimum  effect  on  the  consistency  of  the 
test  data. 

Initially,  nine  candidate  engines  were  considered  ranging  in  size  from  the  12.7  kN  thrust  GE  J85  turbojet  to 
the  97.8  kN  thrust  GE/SNECMA  CFM-56  turbofan.  Three  candidate  engines  were  identified  which  met  most  or  all  of 
these  requirements. 


CANDIDATES 

57-PW-19W 

J85-GE-17 

TF41-A-1 

Ftatings 
(Sea-Level- 
Static 
at  military 
power) 

Thrust,  kN 

46.7 

12.7 

64.5 

Airflow, 

Kg/sec 

74.8 

20.0 

117.9 

Each  of  the  three  candidates  was  carefully  evaluated  relative  to  the  requirements  listed  above.  Based  on 
these  evaluations,  the  J57-PW-19W  engine  was  selected  as  the  engine  which  best  fulfilled  the  several 
requirements  of  the  UETP. 

The  chairman  of  AGARD-PEP  WG15,  Dr.  J.  G.  Mitchell,  made  a  request  to  the  United  States  Air  Force  for 
me  loan  of  two  J57-PW-19W  engines  to  PEP  WG15  for  an  indefinite  period  of  time.  The  U.S.  Air  Force  Logistics 
Command  assigned  two  newly  overhauled  engines,  serial  numbers  P607594  and  F615037,  to  the  UETP. 

2.1.1  Modifications  to  Production  J57  Engine  Configuration 

Four  minor  modifications  and/or  additions  were  made  to  the  production  engine  configuration  to  tailor  the 
engine  to  the  specific  needs  of  the  UETP  (Fig.  1). 

An  inlet  extension  and  bullet  nose  were  added  to  me  production  engine  configuration  as  shown 
schematically  in  Fig.  la.  These  additions  permitted  installation  of  a  standard  set  of  referee  instrumentation  at  the 
engine  inlet  as  will  be  discussed  in  Section  2.3. 

The  engine  compressor  bleed  system  was  modified  to  improve  engine  control  system  repeatability  and 
expand  the  engine  operating  range  with  the  bleeds  closed.  The  compressor  acceleration  bleed  system  was 
modified  from  a  bomber  configuration,  which  utilized  two  bleed  valves,  to  a  fighter  configuration,  which  utilized  only 
a  single  bleed  valve.  In  addition,  the  compressor  anti-icing  bleed  port  and  the  customer  service  bleed  port  were 
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capped  because  neither  of  these  services  was  required  for  UETP.  These  compressor  bleed  modifications  are 
summarized  in  Fig.  la. 

A  tailpipe  and  reference  exhaust  nozzle  were  added  to  the  engine  as  shown  in  Fig.  1b.  These  additions 
served  two  purposes.  First,  the  addition  of  the  tailpipe  provided  a  simple,  convergent  exhaust  nozzle  rather  than 
the  aerodynamically  complex  plug  nozzle  configuration  used  on  the  production  engine.  Second,  the  cylindrical 
tailpipe  provided  a  platform  for  the  installation  of  extensive  nozzle  inlet  referee  instrumentation  as  will  be  discussed 
in  Section  2.3. 

Finally,  an  air-oil  cooler  is  normally  utilized  with  this  engine  in  the  aircraft  installation.  For  the  UETP,  an 
auxiliary  water-oil  cooler  was  added  to  the  lubrication  system  as  noted  in  Fig.  1b. 

To  facilitate  handling  and  installation  of  the  test  article  in  each  of  the  test  facilities,  the  engine  as  modified 
along  with  the  referee  instrumentation  was  installed  in  a  mounting  frame  as  shown  in  Fig.  2.  This  test  article 
package  included  standard  interfaces  for  all  mechanical,  electrical,  and  instrumentation  connections.  All  engine 
modifications,  the  inlet  extension,  tailpipe,  nozzle,  and  the  engine  mounting  frame  were  provided  by  NASA  Lewis. 
Only  one  inlet  extension,  bullet  nose,  tailpipe,  and  reference  exhaust  nozzle  was  provided  for  UETP.  Therefore,  the 
same  set  of  hardware  was  used  on  both  engines. 

The  referee  exhaust  nozzfe  was  ‘'trimmed"  to  provide  the  rated  engine  pressure  ratio  at  the  military  power 
lever  setting  as  a  part  of  the  first  test  entry  at  NASA  Lewis.  At  some  of  the  higher  altitude  test  conditions,  military 
power  for  the  J57  is  limited  by  the  maximum  observed  turbine  discharge  temperature  rather  than  this  as-trimmed 
power  lever  setting.  This  maximum  temperature  limit  was  derated  10  K  (from  893  to  883  K)  to  reduce  the  thermal 
wear  on  the  engine  hot  section  and,  hence,  reduce  engine  performance  variation  during  UETP. 

2.2  Matrix  of  Variables 

Eleven  sets  of  environmental  conditions,  i.e.,  inlet  pressure,  inlet  temperature,  and  exhaust  nozzle  ambient 
pressure,  were  selected  to  allow  systematic  evaluation  of  the  effects  ot  altitude,  Mach  number,  and  Reynolds 
number  on  test  facility  performance.  Test  condition  11  was  identified  for  the  ground-level  test  facilities,  and,  of 
course,  the  specific  values  of  inlet  pressure,  inlet  temperature,  and  ambient  pressure  depend  on  the  specific 
geographic  site  and  the  specific  atmospheric  conditions  existing  at  the  time  of  test. 

Test  conditions  1  through  10  were  defined  for  the  altitude  test  facilities  as  shown  in  Fig.  3.  In  the  altitude-ram 
pressure  ratio  (Mach  No.)  plane,  (Fig.  3)  the  altitude  ranged  from  1,700  m  at  a  ram  pressure  ratio  of  1  (Mach  No. 
0)  up  to  an  altitude  ot  5,800  m  at  a  ram  pressure  ratio  1.7  (Mach  No.  0.91).  At  a  constant  ram  pressure  ratio  of  1.3 
(Mach  No.  0.63)  the  altitude  was  systematically  varied  from  3,800  m  up  to  a  maximum  of  13,200  m. 

In  the  inlet  pressure-inlet  temperature  plane  (Fig.  3)  at  a  constant  inlet  pressure  of  82.7  kPa  ,  the  inlet 
temperature  was  varied  from  a  minimum  of  253  K  up  to  a  maximum  of  308  K.  At  a  constant  inlet  temperature  of 
288  K,  inlet  pressure  was  systematically  varied  from  a  maximum  of  82.7  kPa,  down  to  a  minimum  of  20.7  kPa. 

When  these  environmental  conditions  are  converted  to  compressor  inlet  Reynolds  No.  indices  (Fig.  3  ),  the 
test  conditions  ranged  from  a  maximum  Reynolds  No.  index  of  0.96,  down  to  a  minimum  Reynolds  No.  index  of 
0.20. 


The  other  key  independent  variable  is  engine  power  setting  which,  tor  the  J57  engine,  is  best  expressed  as 
the  high  rotor  speed.  For  the  altitude  facilities,  nine  rotor  speed  settings  were  identified  ranging  from  just  above  the 
compressor-bleed  closing  speed  to  the  high  rotor  speed  corresponding  to  military  power  setting  (see  Fig.  3).  For 
the  ground-level  facilities,  a  total  of  18  high  rotor  speed  settings  were  identified-nine  in  the  range  from  idle  to  the 
maximum  speed  at  which  the  compressor  bleed  valve  is  open,  and  nine  additional  speeds  between  bleed  valve 
just  closed  and  military  power  (see  Fig.  3). 

2.3  Experimental  Measurements 

The  design  of  the  experimental  measurements  portion  of  the  experiment  required  attention  in  three  specific 
areas.  First,  measurements  were  required  to  determine  the  overall  engine  performance  as  needed  to  provide 
comparative  lest  facility  performance  and  "-•is  meet  the  primary  program  objective.  Second,  the  experimental 
measurements  were  required  to  ensure  that  me  test  operations  were  under  control  and  were  conducted  in  a  safe, 
reliable,  and  consistent  manner.  Third,  experimental  measurements  were  required  for  control  of  the  experiment 
and  to  support  diagnosis  of  observed  differences  between  facilities  and  allow  the  health  of  the  test  article  to  be 
monitored.  It  was  necessary  that  the  five  major  functions  of  measurement  methodology,  that  is,  sense,  calibrate, 
acquire,  record,  and  process,  be  addressed  in  the  lest  plan  on  an  individual  basis  for  each  of  these  three  areas  to 
derive  maximum  benefit  from  the  UETP. 

The  experimentally-measured  parameters  required  and  the  measurement  methodology  chosen  for  each 
parameter  are  shown  in  Fig.  4.  For  the  overall  engine  performance  determination  the  entire  experimental 
measurement  methodology  was  designed  lo  be  based  on  the  local  practice  at  each  test  agency  for  each  individual 
test  unit  (Fig.  4a). 

For  the  control  of  lest  operations,  the  sensing  and  calibration  of  all  measurements  within  the  engine  were 
provided  as  part  of  the  test  article  referee  instrumentation(Fig.  4a).  The  acquire  and  record  functions  used  local 
practice,  ana  the  data  processing  methods  were  defined  in  the  UETP  General  Test  Plan  (Ref.  t).  The  test  cell 
environment  (e.g.,  cell  cooling  air  temperatures  and  cell  wall  temperatures)  was  measured  and  controlled  in 
accordance  with  local  practice. 

For  the  control  of  the  experiment  the  sense  and  calibrate  functions  were  a  part  of  the  test  article  referee 
instrumentation  (Fig.  4b).  The  acquire  and  record  functions  were  based  on  local  practice.  The  decision  to  use  local 
practice  for  these  two  functions  was  a  compromise  based  on  cost  and  schedule  containment.  Obviously,  it  would 
have  been  desirable  to  use  a  referee  set  of  instrumentation  to  acquire  and  record  these  control  parameters.  Such 
teferee  instrumentation  would  have  introduced  the  smallest  bias  and  precision  errors  into  the  data,  and  thus  would 
have  maximized  the  confidence  in  the  diagnosis  of  difference  between  facilities.  However,  this  use  of  referee 
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equipment  would  have  been  extremely  costly  and  time  consuming  compared  to  the  resources  available  in  the 
UETP  budgets.  AJI  of  the  control  of  experiment  parameters  were  processed  in  accord  with  the  UETP  General  Test 
Plan  (Fig  4t>.) 

2.4  Teat  Methodology 

The  two  key  elements  in  the  design  of  the  test  methodology  were  the  test  installation  and  the  test  operation. 
As  discussed  in  Section  2.1,  the  test  article  was  packaged  in  a  mounting  frame  which  provided  for  standardized 
electrical  and  mechanical  interfaces.  Local  installation  practices  at  each  agency/test  unit  were  utilized  up  to  the  test 
article  interlace.  Again,  this  was  an  essential  part  of  the  design  of  the  experiment.  Not  only  were  local  practices 
utilized  for  the  design  and  implementation  ol  the  mechanical,  aerodynamic,  hydraulic,  and  electrical  interfaces 
between  the  test  cell  and  the  test  article,  but  also  the  set-up  and  alignment  of  the  test  facility  and  the  test  article 
were  in  accord  with  local  practio 

A  description  of  the  installation  at  each  of  the  eight  test  facilities  is  contained  in  Ref.  2.  However,  it  is  useful 
tor  the  purposes  of  this  lecture  to  examine  the  essential  features  of  a  typical  ground-level  test  facility  and  a  typical 
altitude  test  facility.  The  elevation  and  plan  views  of  the  engine  installation  in  test  cell  No.  5  at  the  Engine 
Laboratory  at  NRCC  are  shown  in  Fig.  5.  The  essential  features  are  the  air  intet  system,  the  engine  test  room,  and 
the  exhaust  gas  collection  and  silencer  system.  The  engine  and  the  engine  inlet  protective  screen  (anti-personnel 
screen)  are  shown  installed  on  this  engine  test  bed. 

In  a  similar  manner,  the  installation  of  the  UETP  engine  in  test  cell  T-2  in  the  Engine  Test  Facility  at  AEDC  is 
shown  in  Fig.  6.  Again  the  essential  elements  are  the  airflow  measurement  system,  the  air  supply  ducting,  the 
engine  inlet  bellmouth,  the  labyrinth  seal  assembly,  the  engine  support  system,  and  the  exhaust  diffuser  system. 

A  photograph  of  the  UETP  engine  installed  in  test  cell  PSL-3  at  NASA  Lewis  is  shown  in  Fig.  7. 

The  second  major  element  of  the  test  methodology  is  the  design  of  the  test  operation.  This  portion  of  the 
experiment  was  designed  to  maximize  the  use  of  local  practice  at  each  test  agency  and  at  each  test  unit.  Several 
specific  exceptions  were  included  in  the  design  to  improve  the  confidence  level  and  reliability  of  the  test  data.  The 
six  exceptions  are  as  follows. 

1.  Engine  trim  rechecks  only  were  authorized  at  each  test  unit.  No  re-trim  of  the  engine  control  system 
was  permitted  without  specific  approval  of  the  Chairman  of  Working  Group  15.  No  engine  trim  was 
authorized  during  UETP. 

2.  Two  data  scans  wore  required  at  each  engine  power  setting. 

3.  Fixed  time  intervals  were  estimated  for  engine  thermal  stabilization  before  each  data  scan.  A  fixed  time 
interval  of  5  min  was  specified  before  the  initial  data  scan.  An  additional  time  interval  of  2  min  for  the 
repeat  data  scan  was  also  specified.  The  validity  of  these  time  intervals  was  determined  experimentally 
during  the  first  test  entry  at  NASA  Lewis.  Rechecks  of  these  time  interval  requirements  were  also  made 
at  RAE(P)  and  NRCC. 

4.  No  testing  of  the  engines  was  to  be  conducted  at  “high”  levels  of  relative  humidity  at  the  engine  inlet. 
However,  no  specification  of  "high"  was  included  in  the  General  Test  Plan. 

5.  As  was  discussed  in  Section  2.2  a  predetermined,  inter-mixed  ascending  and  descending  set  of  engine 
high  rotor  speed  settings  was  defined  for  the  program  (Ref.  1).  The  matrix  of  engine  speed  settings 
was  chosen  to  minimize  the  effects  of  control  hysteresis,  engine  thermal  effects,  and  bleed  valve 
control  variability  on  the  results  of  the  test  program  (Ret.  2.). 

6.  Engine  performance  retention/deterioration  throughout  the  total  test  duration  of  the  UETP  was  to  be 
determined  from  the  observed  differences  between  the  engine  performance  during  the  initial  test  entry 
at  NASA  Lewis  and  a  second  test  entry  at  NASA  Lewis  at  the  conclusion  of  all  of  the  UETP  testing.  As 
will  be  discussed  in  later  portions  of  this  lecture  series  this  portion  of  the  experimental  design  was 
inadequate  to  meet  the  needs  of  the  program.  Further  schedule  conflicts  at  NASA  Lewis  and  at  NAPC 
did  not  allow  this  portion  of  the  experiment  to  be  conducted  as  designed.  Specifically,  the  second  entry 
test  at  NASA  Lewis  was  accomplished  prior  to  the  engine  testing  at  NAPC  and  was  conducted  in  a  test 
unit  different  from  that  used  for  the  first  entry.  Therefore,  it  was  not  possible  to  determine  the  engine 
performance  variation  with  the  desired  measurement  uncertainty.  This  design  approach  to  determine 
engine  performance  variation  for  the  UETP  was  inadequate.  The  analysis  of  engine  performance 
retention/deterioration  will  be  addressed  in  Lecture  4. 

2.5  TEST  DATA  PROCESSING 

The  test  data  processing  portion  of  the  experiment  was  designed  to  utilize  local  practices  at  each  test 
agency  as  applicable  to  each  test  unit  to  the  maximum  extent  possible.  Some  of  the  specific  functions  of  local 
data  processing  which  were  to  be  utilized  included  data  editing  and  data  validation  with  emphasis  on  the  deletion 
of  outlier  data  samples  and  the  "fill-in"  of  missing  data  samples.  Second,  the  thermodynamic  properties  of  air  and 
combustion  gases  were  to  be  based  on  the  properties  defined  at  each  test  agency. 

Three  minor  exceptions  to  the  use  of  the  local  practice  were  implemented  to  simplify  communication  of  test 
results  between  the  test  agencies  and  to  simplify  analysis  of  the  results  by  WG15.  The  specific  exceptions  were 
defined  in  the  General  Test  Plan  (Ref.  1)  and  included  (1)  a  uniform  nomenclature  and  units  of  measurements,  (2) 
uniform  equations  for  the  as-tested  and  ‘referred"  engine  performance  parameters,  and  (3)  a  uniform  format  of  the 
digital  magnetic  tapes  which  were  used  for  data  communications  and  data  exchange  between  the  several  test 
agencies  and  the  working  group. 
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2.6  MEASUREMENT  UNCERTAINTY 

A  uniform  method  to  assess  and  communicate  the  uncertainty  of  all  of  the  experimental  measurements  was 
adopted  as  a  part  of  the  design  of  the  UETP  experiment.  The  Abernethy  and  Thompson  Method  was  adopted 
(Ref.  3).  The  GTP  required  each  participant  to  prepare  pretest  estimates  of  the  measurement  uncertainty  of  the 
key  parameters  of  engine  air  flow,  net  thrust,  and  specific  fuel  consumption  at  the  target  speed.  These  estimates 
were  to  be  prepared  for  operation  at  test  condition  3,  test  condition  9,  and  test  condition  11  (see  Fig.  3).  The  GTP 
also  required  that  the  elemental  source  errors  be  estimated  at  the  conclusion  of  the  testing  in  each  test  unit  for  all 
inputs  into  the  four  key  parameters  listed  above,  in  addition  to  a  posttest  assessment  of  the  measurement 
uncertainty  for  the  four  key  parameters  at  the  target  speeds  at  the  same  three  test  conditions  as  identified  for  the 
pretest  estimates. 

This  approach  for  the  assessment  of  measurement  uncertainty  was  inadequate  and  required  substantial 
modification  during  the  analysis  phase  of  the  effort  (Ref.  4).  These  modifications  will  be  addressed  in  Lecture  7. 

2.7  REPORTING 

The  design  of  the  experiment  included  four  specific  reports  which  were  to  be  prepared  as  a  part  of  the 
UETP  program.  First,  each  test  agency  was  required  to  prepare  a  test  plan  tailored  to  each  specific  test  unit  that 
was  scheduled  for  use.  This  test  plan  was  to  be  based  on  the  GTP  and  was  to  be  prepared  before  the  initiation  of 
testing  at  each  individual  test  unit.  The  format  for  this  facility  test  plan  was  specified  in  the  GTP. 

Second,  each  facility  was  required  lo  submit  a  final  data  package  to  the  chairman  of  WG15  within  60  days 
after  the  completion  of  testing.  This  data  package  was  to  include  digital  magnetic  data  tapes  in  specified  format 
and  a  test  summary  report  containing  at  least  the  minimum  information  as  specified  in  the  GTP. 

The  final  data  packages  were  interchanged  between  facilities  only  after  each  had  completed  its  test  program 
and  had  transmitted  the  final  test  report  to  the  chairman  of  Working  Group  15.  This  approach  ensured  that  each 
facility  was  "blind"  during  the  conduct  of  the  testing  and  had  no  prior  knowledge  of  the  test  results  from  the  other 
facilities.  This  “blind”  approach  was  adopted  to  maximize  the  confidence  in  the  results  of  the  inter-facility 
comparisons. 

Third,  a  facility  final  test  report  was  required  to  be  submitted  to  the  chairman  of  the  WG  within  140  days  after 
the  release  of  the  final  data  package.  The  format  for  this  final  test  report  was  specified  in  the  GTP.  The  same 
release  restrictions  that  were  applicable  to  the  final  data  package  discussed  above  were  also  applicable  to  the  final 
test  report. 

Finally,  AGARD  reports  which  presented  the  results  of  the  UETP  were  to  be  prepared  on  an  as-required 
basis.  As  is  now  known,  two  AGARD  reports  were  prepared  for  the  UETP  by  WG15.  The  first  of  these  reports 
presents  the  overall  results  of  the  test  program  (Ref.  2).  The  second  report  addresses  in  detail  the  results  of  the 
measurement  uncertainty  analysis  portion  of  the  program  (Ftef.  4). 


3.0  GENERAL  TEST  PLAN 

The  design  of  the  experiment  for  the  UETP  was  reported  in  the  GTP  (Ref.  1).  The  designers  of  the  format  of 
the  GTP  properly  anticipated  that  the  lest  plan  needed  to  be  a  living  document.  As  such  the  plan  would  be 
responsive  in  a  timely  manner  to  a  significant  number  of  revisions  identified  throughout  the  course  of  the  program. 
The  format  chosen  met  these  requirements  in  an  excellent  manner. 

The  test  plan  included  the  management,  technical  ,  and  logistic  guidelines  and  associated  controls  which 
were  necessary  lor  the  proper  conduct  of  the  UETP.  The  Table  ot  Contents  of  the  GTP  (Ref.  1)  is  included  in 
Appendix  I  to  demonstrate  the  breadth  and  depth  of  this  pioneering  document. 

The  initial  draft  of  the  GTP  was  prepared  by  representatives  of  AEDC.  This  draft  was  reviewed  and  reworked 
by  the  full  membership  of  PEP  Working  Group  15  to  create  the  initial  version  of  this  general  test  plan.  The  initial 
test  plan  and  subsequent  revisions  were  coordinated  with  and  approved  by  all  participants  in  the  UETP. 
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PRODUCTION  CONFIGURATION 


AS  MODIFIED  FOR  UETP 


COMPRESSOR  BLEEDS  - 

-  COMPRESSOR  ACCELERATION  BLEEDS  MODIFIED  FROM  BOMBER  CONFIGURATION 
(2  VALVES)  TO  FIGHTER  CONFIGURATION  (1  VALVE) 

-  CUSTOMER  SERVICE  BLEED  }  ENG,NE  P0RTS  CAPPED 


a.  Engine  inlet  and  compressor 


•  TAILPIPE  AND  REFERENCE  EXHAUST  NOZZLE 


PRODUCTION  CONFIGURATION  AS  MODIFIED  FOR  UETP 


•  ENGINE  SERVICE  SYSTEMS 

AUXILIARY  WATER-TO-OIL  COOLER  ADDED  TO  LUBRICATION  SYSTEM 


b.  Tailpipe,  nozzle,  and  service  systems 
Figure  1.  Modifications  to  production  J-57  engine. 


Figure  2.  Test  article  lor  Uniform  Engine  Test  Program  (UETP). 
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ENGINE  POWER  PARAMETERS 
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■  GROUND  LEVEL  FACILITIES  - 18  HIGH  ROTOR  SPEEDS  -  IDLE  TO  MIL 


Figure  3.  Matrix  of  UETP  test  variables. 


OVERALL  ENGINE  PERFORMANCE  (PRIMARY  PROGRAM  OBJECTIVE) 


MEASUREMENT 

METHODOLOGY 

SENSE.  CALIBRATE 

ACQUIRE.  RECORD,  PROCESS 

AIRFLOW  1 

FUEL  FLOW  I 

►  LOCAL  PRACTICE  AT  EACH 

LOCAL  PRACTICE  AT  EACH 

NET  THRUST  1 

SPECIFIC  FUEL  CONSUMPTION  ) 

TEST  AGENCY/TEST  UNIT 

TEST  AGENCY/TEST  UNIT 

CONTROL  OF  TEST  OPERATIONS  (SAFE,  RELIABLE.  CONSISTENT  OPERATIONS) 


PARAMETER 

ENGINE  INLET  PRESS.  *  TEMP 
ENGINE  EXHAUST  AMBIENT  PRESS. 
ROTOR  SPEEDS 
POWER  LEVEL  ANGLE 
ENGINE  VIBRATION 
ENGINE  FUEL  PRESS.  &  TEMP. 
ENGINE  OIL  PRESS.  &  TEMP. 
ENGINE  BLEED  VALVE  POSITION 

TEST  CELL  ENVIRONMENT 


MEASUREMENT  METHODOLOGY 
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SENSE,  CALIBRATE 

ACQUIRE.  RECORD 

PROCESS 

TEST  ARTICLE 

LOCAL  PRACTICE 

UETP 

REFEREE 

GENERAL 

INSTRUMENTATION 

TEST 

PLAN 

LOCAL  PRACTICE 

a.  Engine  performance  and  control  of  test 


CONTROL  OF  EXPERIMENT  (DIAGNOSIS  OF  OBSERVED  DIFFERENCES,  ENGINE  HEALTH  MONITORING) 


PARAMETER 

COMPRESSOR  AIRFLOW 
COMPRESSOR  INLET  DYNAMIC  PRESS.  I 
COMPRESSOR  BLEED  PRESS.  S  TEMP. 
COMPRESSOR  DISCH.  PRESS,  i  TEMP  | 

TURBINE  DISCHARGE  PRESS,  t  TEMP. 

EXH.  NOZZLE  INLET  PRESS.  &  TEMP. 


EXH.  NOZZLE  GAS  ROW 
ENGINE  FUEL  ROW 


MEASUREMENT  METHODOLOGY 


SENSE,  CALIBRATE 

ACQUIRE,  RECORD 

PROCESS 

TEST  ARTICLE 

LOCAL  PRACTICE 

UETP 

REFEREE 

(COST  AND  SCHEDULE 

GENERAL 

INSTRUMENTATION 

CONTAINMENT- 

TEST 

COMPROMISE) 

PLAN 

b.  Control  of  experiment 

Figure  4.  Experimental  Measurements  for  LIETP. 
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SILENCER 


INLET  SILENCING 


0.63m 


PLAN  VIEW 

NO. 5  TEST  CELL  •  ENGINE  LABORATORY  -  NRCC 

Figure  5.  Typical  UETP  installation,  ground-level  test  facility. 


TEST  CELL  T-2  -  ENGINE  TEST  FACILITY  -  AEDC 

Figure  6.  Typical  UETP  installation,  altitude  test  facility. 


TEST  CELL  PSl-3  -  NASA  LEWIS 

Figure  7.  Typical  UETP  test  installation. 
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SUMMIT 

One  of  the  main  objectives  of  the  UETP  Has  an  engine  facility  comparison  to  identify  the  bias  measurement 
performance  differences  between  test  sites.  This  Paper  identifies  tha  methods  used  to  present  these  carper  Isons 
in  the  final  report  and  the  alternative  presentations  considered  In  the  Working  Group  IS  discussions,  but  not 
published  elsewhere,  in  addition,  many  other  factors  affecting  engine  performance  determination  are  discussed 
and  the  planned  methodology  adopted  by  the  UETP  to  determine  these  elemental  differences.  Finally,  some 
exaaples  of  UETP  engine  performance  measurement  anomalies  are  highlighted  and  an  attempt  made  to  identify  the 
reason  for  them  with  a  recommendation  on  how  they  should  be  treated. 


1  INTRODUCTION 

During  the  meetings  and  discussions  of  Working  Grotp  IS  to  analyse  and  report1  the  UETP,  the  basis  for  facility 
comparisons  was  covered  by  many  techniques,  some  based  on  facility  measurements,  others  by  engine  internal 
performance  measurements  and  finally  some  based  on  a  combination  of  plant  and  engine  measurements.  To 
illustrate  the  specific  methodologies  employed  and  those  agencies,  or  in  seme  cases  individuals,  who  performed 
the  major  part  of  these  investigations,  the  following  list  identifies  each  in  turn:- 


(a) 

Overall  engine  performance 

:  P.F.  Ash wood  (UK) ,  AEDC 

(b) 

Measurement  uncertainty 

:  WG15  sub  group 

(c) 

Performance  retention 

:  AEDC 

(d) 

Inlet  total  pressure 

calculation  methods 

:  NRCC 

(e) 

Inlet  total  pressure  distortion 

:  NASA 

<f> 

Engine  settling  time 

:  NASA,  RAE,  NRCC 

<g) 

Secondary  airflow  In 

ground- level  facilities 

i  NRCC 

<h) 

Nozzle  thrust  and  airflow 

functions 

:  RAE 

<J> 

Engine  internal  air  flow  using 

flow  functions 

Professor  Jacques  (Belgium) 

(k) 

Fuel  flow  analysis 

:  NRCC 

<l) 

Temperature  lapse  rate 

:  AEDC,  RAE 

(m) 

Nozzle  area  change 

:  NASA 

Al though  certain  organisations  are  identified  for  each  task  in  tha  list,  there  was  considerable  debate  within 
Working  Group  15  itself  and  other  personnel  and  agencies  not  listed  often  contributed  to  the  work. 
Nevertheless,  those  listed  provided  the  main  effort  for  each  Item  and  should  take  the  appropriate  credit. 

This  lecture  will  now  examine  more  closely  some  of  the  Itema  In  the  above  list,  but  will  exclude  others.  Those 
considered  will  only  be  reported  on  from  the  point  of  view  of  method  and  procedure  rather  than  a  detailed 
analysis  of  the  results.  The  major  Itema  excluded  are  the  measurement  uncertainty,  the  nozzle  coefficients, 
flow  coefficients  and  fuel- flow  analyses,  all  of  which  will  be  covered  by  my  colleagues  in  other  sections  of  the 
lecture  aeries. 

2  DATA  ANALYSIS  PROCEDURE 

2.1  The  main  choice  of  presentation  of  overall  performance 

The  measured  engine  test  data  gathered  at  each  test  site  were  converted  into  turbine  engine  performance 
parameters,  utilizing  a  set  of  standard  equations  specified  in  the  General  Test  Plan  which  was  drawn  iq>  prior  to 
the  first  angina  test  (Ref  2).  However,  test  plant  data  were  analysed  by  each  test  facility  using  the  local 
equations  they  normally  applied  in  an  engine  test.  After  the  data  for  each  teat  facility  were  declared 
satisfactory  by  that  test  site,  a  copy  was  provided  to  each  participant,  both  in  tabular  form  and  on  magnetic 
tape,  In  a  format  specified  in  tha  General  Test  Plan.  An  example  of  the  tabular  form  is  shown  in  Fig  1.  The 
test  results  ware  released  only  to  those  facilities  that  had  completed  their  testing  and  to  nominated  menders  of 
the  Working  Group.  Facilities  testing  later  in  the  programme  therefore  had  to  wait  for  data  from  previous  tests 
until  after  completing  their  own  tests  and  declaring  their  own  results  satisfactory.  It  was  impraetlcsl  to 
publish  the  complete  set  of  test  results  in  the  final  report1  because  of  the  enormous  quantity  involved  and 
therefore  a  condensed  format  was  sought  to  display  inter- facility  differences. 

A  set  of  six  parameter  pairs  were  chosen  for  the  main  inter-facility  performance  comparison.  These  six 
parameter  pairs  warai 

(a)  NLONK  vs  NHRD  shaft  spaed  ratio  versus  HP  rotor  speed 

(b)  T702  vs  P7D2  nozzle  Inlet  tesparature  versus  nozzle  inlet 

pressure 
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<c> 

UA1RD 

VS 

NLRD 

(d) 

WFtO 

vs 

NH*0 

(*) 

rm o 

vs 

pm 

If) 

SFCtO 

vs 

FNftD 

airflow  versus  IP  rater  speed 
fuel  flew  versus  HP  rotor  speed 
net  thrust  versus  non  Is  Inlet  pressure 
fuel  contempt  I  on  versus  net  thrust 


The  letters  SO  In  these  nomenclature  fndlcete  the  peramtar  hes  been  nensellsed  te  the  desired  conditions  uslns 
non- d I eons I one l  pressure  end  teaparatur*  relst lanshtpe.  For  the  eltltude  test  conditions  ell  pereieeters  hove 
been  corrected  to  the  nominated  flight  conditions,  ellolnetlng  sent l  differences  between  the  es-teeted  volute 
end  the  ratine l  vstues.  The  ground-level  test  conditions  hove  been  corrected  to  stenderd  see-level  conditions 
of  101.1  kPe  pressure,  288  K  temperature  end  s  roe  ratio  of  1.0,  ellolnetlng  differences  due  to  verytrp  seplent 
conditions  between  test  sites  end  day-to-day  fluetustfons.  The  six  perssieter  pel  re  listed  ebove  eneble  Inter- 
feelltty  cooper  I eons  to  be  ends  for  the  following  prinery  checks. 


PLOT  (e) 
PLOT  (b) 

PLOT  <e> 
PLOT  <d) 
PLOT  (*) 
PLOT  <f) 


speed  Mtchlng  check 

rattle  conditions  end  hence  seconder/  thrust  end  slrflow 
check 

pr leery  slrflow  check 
prleery  fuel  flow  check 
thrust  derlvet I  on  check 
overall  perforeoncs  check 


Since  the  eltltude  testing  wee  configured  to  thet  perforwence  curves  were  cerrled  out  et  four  teperste  inlet 
teepereturee,  four  seperote  Inlet  pressures  end  four  different  rtei  ratios,  whilst  keeping  the  resMlnlng  two 
pereeietere  constent,  the  Min  results  hove  been  presented  In  these  three  groupings  to  thet  trends  could  be 
esteblished.  The  reeeon  for  the  testing  to  be  configured  this  wey  Is  bee sues  eltltude  test  fecllltlee  generally 
control  test  conditions  by  ed jus ting  these  prheery  verf spies  to  echlove  true  flight  conditions.  To  Illustrate 
the  difference  In  these  chosen  test  vsritblet  end  s  typlcsl  engine  flight  envelope  they  con  be  seen  plotted  In 
Fig  2.  The  chsnge  In  T.  is  st  constent  Koch  neper  end  eltltude.  The  chenge  In  P.  gives  e  constent  Mech 
number  end  chsnglng  eltltude  and  the  change  in  ram  ratio  lesds  to  both  chenge  in  Mech  nusber  end  altitude. 
Using  this  f onset  It  wss  possible  to  detect  If  any  one  test  site  had  measurement  problems  with  any  one  primary 
variable. 


Since  only  one  of  the  pair  of  engines  was  tested  at  all  four  altitude  test  sites,  results  for  this  engine, 
serial  nunber  60759*,  were  presented  In  the  final  report.  In  addition,  the  other  engine,  serial  njdjer  615017, 
was  tested  at  all  four  see- level  test  sites  end  so  these  were  presented  separately  for  the  ground- level 
comparisons.  For  the  altltude-to-ground  level  comparisons,  the  date  from  engine  60759*  was  used  where  four 
altitude  and  two  ground-level  facilities  provided  data.  Fig  1  summarises  the  order  of  testing  of  the  two 
engines  at  the  various  test  facilities  that  participated  in  the  plan. 

The  condensed  set  of  performance  date  were  published  such  that  four  graphs  were  displayed  on  each  page  and  the 
total  nuitier  of  pages  totalled  18.  Fig  *  shows  a  typical  display  of  data  on  one  page  and  In  fact  shows  the  sfc 
curves  for  the  four  altitude  test  facilities  at  varying  inlet  pressures  with  Inlet  temperature  constent  at  288  K 
and  ran  ratio  held  at  1.30. 


2.2  S«HltlYUY-iPQl9lH9r3 

To  quantify  tha  intsr- facility  diffsrsnesa  for  tha  purpose  of  comparison,  tha  maximum  spread  of  each  parameter 
(expressed  as  a  percentage  of  the  median  value)  was  calculated  at  approximately  the  mid- thrust  point.  These 
spreads  have  been  indicated  on  the  performance  curves  and  were  derived  from  the  equations  fitted  to  the  data 
points  cslculatsd  for  each  facilities  results.  In  addition,  each  graph  has  1  percent  bendwidths  added  for  both 
the  x  and  y  variables  to  assist  in  assessing  the  effects  of  real  variations  or  errors  fn  these  parameters 
relative  to  the  scales  chosen  for  the  presentation,  see  Figure  4. 

2.3  Tttt  «tl)9j-9f-«CT8wMna.tfmd9r.8tl9n 

Th.  tmt  procedure  Included  precaution*  to  Idantlfy  performance  degradation,  ffratly,  by  toch  taat  alto  tatting 
at  a  tat  condition  ot  th#  beginning  of  their  taat*  and  at  tha  tame  condition  at  tha  and  of  thoir  taata. 
Secondly,  tha  angina*  war*  tatted  on  two  occaalona  ot  MATA,  being  th*  flrat  taat  alta  and  tha  laat  taat  tita  in 
tha  eaquanca,  (excepting  NAOC,  Trenton,  who  did  not  taat  tha  angina  until  aftar  th*  main  analyalt  had  been 
c onptetad  bacauaa  of  higher  priority  work).  Non*  of  th*  ratulta  prattnttd  fn  th*  facility  cooper! ton#  hay*  been 
corrected  for  dotortorotlon  which  wart  detected  a*  being  vary  *Mil,  and  within  vicarttinty  limit*.  Thlt  topic 
navarthalaa*  attracted  a  great  deal  of  dltcuaalon  In  th*  UG  meeting*  and  Juatlfte*  more  deal  lad  treatment  in  a 
coapenfon  lecture. 

2.*  Ua.*hftUt_9f_tvryt  -J  U 

Engirt*  performance  curve*  ar*  generally  praaantad  at  a  correlation  of  on*  paraawtar  agalnat  another  for  exempt* 
y  •  afe  correlated  agalnat  x  <  FN  .  Th*  graph*  for  any  on*  tttt  alta  will  alwaya  ahow  a  certain  amount  of 
acatter  about  a cm  central  curve,  tee  Fig  5,  end  there  will  be  tome  doubt  at  to  tha  correct  petition  of  th* 
curve  If  drawn  by  hand.  Fitting  t  polynomial  equation  eliminate*  that  uncertainty;  th*  form  it  can  take  being: - 


•Ither  *  etrelght  line  y 

or  a  quadratic  y 

or  t  eifete  y 

or  ptrhapt  even  teat  higher  degree. 


hd  *  V 

bj  ♦  b,x  ♦  bjx* 
b0  ♦  b,x  ♦  bj*2  *  b,xS 


Th*  nuatrlctl  value  of  the  coefficient*  b.  ,  b.  ,  b,  ,  b,  are  calculated  from  th*  date  by  th*  Mthed  of  'leaot 
•quart*1 .  That  la,  th*  valuta  ar*  fowid  fueh  (hat  th#  Nua  of  th#  aquartt  of  all  th*  deviation*  from  the  curve 
ar*  minimised. 
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A  typical  deviation  is,  e^  ■  <y{  -  ) 
where  y  It  the  value  of  y  on  the  curve 

so  that  2e^  It  a  minisu*  for  calculated  values  of  b^,  by  ,  bg  ,  bj  ,  etc. 

The  detailed  procedure  for  doing  these  calculations  can  be  found  In  all  standard  statistical  text  books. 

The  UETP  test  plan  specified  that  all  curve  fitting  would  take  the  for*  of  •  quadratic  ao  that  eaeh  teat  lit* 
would  carry  out  a  uniform  proceas.  Although  In  general  this  policy  was  justifiable,  since  the  Min  area  of 
Interest  for  comparisons  was  at  a  aid-thrust  point,  It  does  have  som  weaknesses.  Quadratics  are  Inherently 
symmetrical  curves  and  ft  can  be  demonstrated  that  in  the  case  of  som  variables  this  order  of  polynomial  fit  Is 
not  necessarily  the  best  when  judged  on  statistical  significance  tests.  The  complex  nature  of  a  gas  turbine 
does  not  always  lead  to  parameters  correlating  in  convenient  symmetrical  relationships,  particularly  at  points 
at  either  end  of  the  range  of  measurement.  This  can  bo  demonstrated  by  examining  an  SFCRD  versus  FNRD  curve 
obtained  with  data  measured  at  RAE(P)  at  test  condition  9,  Fig  6.  A  measure  of  the  significance  of  the  curve 
fit  can  be  obtained  by  the  value  of  the  Relative  Error  Limit  of  Curve  Fit  (RELCF)  for  etch  polynomial,  the  0.18 
for  the  cubic  being  superior  to  the  0.27  for  the  quadratic.  Table  1  summarises  the  differences  in  SFCRD  for 
three  power  lever  levels  at  all  the  10  test  conditions  for  the  RAE(P)  date.  It  indicates  that  in  about  half  the 
cases  s  slightly  better  result  would  have  been  obtained  for  low  and  high  engine  power  comparisons  If  cubics  had 
been  adopted.  However,  as  stated  earlier,  since  mid-thrust  levels  were  the  target  levels  for  performance 
comparisons  the  quadratics  specified  were  more  than  satisfactory. 

2.5  Alternative  presentations 

Other  forms  of  presentation  of  overall  performance  were  considered  by  the  Working  Group  and  a  bargraph 
presentation  was  seriously  put  forward  as  the  pr  1m  Mthod  in  the  early  stages  of  discussion.  However,  as 
testing  proceeded  and  more  participants  joined  the  discussion  team,  it  became  apparent  that  a  bargraph 
presentation  was  not  favoured  by  the  Mjority  of  participants,  who  argued  it  would  only  show  differences  at  a 
single  or  limited  number  of  power  settings.  In  addition,  thara  was  some  uncertainty  as  to  how  to  choosa  the 
datum  for  such  a  presentation.  Some  participants  thought  it  should  be  based  on  an  average  value  of  all 
facilities,  others  considered  the  datum  should  be  the  results  of  ths  first  test  facility.  An  example  of  a 
proposed  f onset  is  shown  In  Fig  7.  It  was  finally  agreed  that  the  Min  overall  raaulta  should  take  the 
graphical  form,  outlined  earlier,  so  that  differences  would  be  displayed  over  the  complete  measurement  range. 
However,  ■  limited  form  of  bargraph  presentation  was  included  In  the  final  report,  but  only  showed  the  overall 
spread  of  results  from  the  altitude  facilities  for  ths  primary  parameters  of  FNRO  versus  P7Q2,  UA1RO  versus  NIRO 
sod  SFCRD  versus  FNRD,  see  Fig  8.  These  results  were  included  at  all  test  conditions  and  the  detua  was  taken  as 
the  facility  with  the  lowest  value,  not  always  the  same  facility  in  all  cases,  1e  the  bar  showed  the  percentage 
spread  in  the  parameter  for  all  test  facilities  at  a  mid-thrust  point.  Two  sets  of  bars  were  Included,  one  for 
all  four  altitude  facilities  and  a  second  set  excluding  the  CEPr  result  because  som  of  their  results  exhibited 
large  scatter.  This  was  considered  to  adversely  influence  the  presentation,  particularly  the  thrust  versus 
nozzle  inlet  pressure  bargraph.  This  exclusion  of  ths  CEPr  results  in  som  presentations  will  be  explained  in 
other  lectures  in  this  series. 

One  further  Mthod  of  presentation  was  used  which  took  the  form  of  a  tabulation  of  differences.  Table  2  shows 
the  fonmt  used  for  the  altitude  test  site  comparison  and  consists  of  a  list  of  the  selected  parmseters  together 
with  the  independent  variables,  basically  tha  same  six  parameter  pairs  selected  for  the  graphical  presentation. 
The  overall  percentage  spread  at  a  mid-thrust  point  was  chosen  together  with  the  percentage  of  data  points  which 
fell  within  a  fixed  2  percent  bandwidth.  Additionally,  tha  estimated  incerteinty  bandwidth  spread  was  added  to 
the  table  for  each  parameter  to  help  make  a  judgement  on  the  quality  of  tha  measured  data.  Tha  table  of 
differences  again  include  values  with  and  without  CEPr  raaulta  included  because  of  tha  reasons  given  earlier. 

This  form  of  presentation  was  also  adopted  for  the  sea-level  test  bed  comparison  and  the  altltude/sta-level  test 
bed  comparison,  tables  3  and  A.  In  the  case  of  the  sea- level  bed  comparison,  ths  percentage  spread  values  in 
the  table  for  the  four  test  sites  have  been  quoted  with  and  without  the  Turkish  test  site  results.  Again  the 
reason  for  this  policy  was  based  on  tha  fact  that  the  Turkish  test  site  results  displayed  a  large  scatter  in  the 
measurements  compared  with  the  remaining  three  facilities.  For  the  altitude  to  sea- level  comparison,  five  test 
facility  results  were  used,  NASA,  AEDC,  RAE(P),  CEPr  and  NRCC  and  these  wars  based  on  data  obtained  using  angina 
607394.  The  results  obtained  in  tha  altitude  facilities  were  Matured  at  an  inlet  pressure  of  82.7  kPa  and  than 
referred  to  standard  pressure  of  101.3  kPs  using  the  specified  aquations  (n  the  General  Test  Plan.  These 
adjustments  did  not  introduce  discrepencies,  since  it  wes  judged  thet  these  would  be  negligible  et  the  high 
pressure  condition  where  Reynolds  muter  remains  high  enough  to  prevent  changes  in  flow  conditions  effecting 
turbomechinery  characteristics. 

2.6  Othtr  foctoro  con.td.red  In  th*  performance  tnthftlt 

2.6.1  Uvaldily 

All  ts*  altitude  test  facilities  had  plant  which  waa  capable  of  applying  dry  sir  to  ths  angina  and  therefore 
hvmidity  affects  on  engine  ^rformaoct  were  negligible  (huaidity,  never  exceeded  0.1  percent  water  by  weight). 
In  the  case  of  the  sea- level  beds,  ths  hunldity  on  the  actual  taat  datas  at  all  those  facilities  taking  part 
remained  sufficiently  low  to  ensure  tha  af facts  were  negligible  or  very  tMll. 

2.6.2  lni«t  tot«i  amnia 

Tho  of  Inlot  total  protturo  on  origin*  porfornonc*  was  approached  Iron  two  front*,  firstly,  th#  offoct  of 
changing  th*  Method  of  calculation  of  Inlot  prooouro  glvon  *  ctrttln  ongln*  foco  protour*  distribution  and 
ttcondly,  th*  offoct  of  chtngot  In  Inlot  prooouro  profit*,  I*  Inlot  protour*  distortion. 

Th*  offoct  of  ths  uoy  Inlot  protour*  no  colculatod  no*  Invottlgotod  by  once5  by  applying  flv*  different  Method* 
of  calculation  to  t  particular  Inlot  distribution  obtained  at  NtCC  In  tholr  toots,  fig  9  show*  th* 
clrcuaforontlol  location  of  oil  th*  probo*  utod  In  tho  analyst*. 
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Method  1  used  the  simple  arithmetic  average  of  the  20  mainstream  pressure  readings  assuming  the  probes  were 
located  at  the  centroids  of  five  equal  areas  and  was  the  method  reco— ended  In  the  General  Test  Plan. 


PT  average 


Method  2  was  similar  to  Method  1(  but  used  weighting  factors  determine'  from  the  actual  measured  probe  locations 

1  1 

PT  average  ■  -  EP_  A  . 

T  A  n  Tn  n 

Method  3  mm  similar  to  Method  2,  but  only  u*td  thoM  protoM  In  tht  Inviscfd  flow  regime.  This  mm  dot  trained 
by  coop. ring  the  totol  pressure  et  tech  probe  Mlth  the  velue  for  the  centre  line  probe.  If  the  difference  mm 
■raster  then  the  pressure  meMurenent  uncertainty  for  the  fecit  I ty,  then  the  velue  for  thet  probe  mm  discorded, 
the  probe  being  Moused  to  be  In  viscid  flou. 

Method  A  celculeted  the  average  pressure  by  considering  the  measurements  fro*  tuo  rotes  In  en  Inner  end  outer 
boundary  layer  ring  sector,  ceeblnad  ulth  four  aeln  ring  sectors,  Approprlete  uelghtlng  factors  Mere  deteralned 
for  each  annular  sector. 

finally.  Method  S  further  Increased  the  uelghtlng  afforded  the  boundary  layer  proto*. 

Table  5  suassarlees  the  raeulte  of  oil  five  Methods  using  NASA  date,  uhlch  gave  the  Most  pronounced  Inlet 
pressure  profile  end  would  therefore  daaoratrate  the  dlfferencM  In  calculation  techniques. 

The  conclusion  drsun  in  tits  UETP  tMts  was  that  the  GTP  Method,  Method  1,  produced  a  value  of  P,  within 

0.07  percent  of  that  obtained  if  ell  the  probes,  Including  those  In  the  boundary  layer,  were  ufMvfA*86tafn  an 
Integrated  Mean  Inlet  total  pressure.  However,  It  duet  be  noted  thet  thlt  solution  will  not  necMMrlly  suit 
all  engine  Inlet  rake  geoMetrles  and  preteura  profiles.  Uhere  boundary  layer*  are  thin,  but  elgntflcant,  and 
the  Main  pressure  rake  does  not  capture  the  pressure  decay  at  the  duct  wall,  then  staple  averaging  May  produce  a 
•igniflcent  error.  Thie  will  then  carry  forward  an  error  bfM  in  thoee  Important  parameters  that  depend  on  en 
accurate  Inlet  pressure  MeMurenent,  In  particular  thrust  deteralnetlon. 

2.0.3  Inlet  total  nraseure  dletortlon 

The  effect  of  Inlet  pressure  distortion  on  perforaance  Measurements  was  exenlned  by  comparing  the  results  from 
the  two  NASA  tMta,  the  first  and  second  entry  tMts.  Between  these  tMts  the  Inlet  ducting  et  MASA  was  changed 
from  a  <kjct  with  0.687m  diameter  throat  to  o  gsonstry  Mlth  s  significantly  larger  throat,  0.833m  diameter,  see 
diagram  below. 


MASA  UflP  iMntfirA  inlof  luck  Assign  Ml, 


Engine  emu  Hinge 


Isrgsf  imel  Such  Assign  Ml.  a  X 

SchtsuUct  d  imst  dueling  ui*s  Mr  InM  MM-fmiurt  fret**  inmliptlon. 


Using  date  selected  from  test  conditions  6,  see  fig  10,  It  It  obvious  that  the  duet  with  the  snail  threat 
venturi  gtvM  e  peer  Inlet  pressure  profile.  The  larger  threated  duet  gave  e  dranatfe  Improvement  In  Inlet 
pressure  profile.  Oeeplte  the  marked  change  In  f.  profile  the  effect  en  meet  perforaance  per  masters  of  the 
engine  to  chengM  In  Inlet  duct  geometry  mm  found  to  be  generally  naetl.  The  change  In  shaft  speed  retie, 
M.MM,  mm  negligible,  0.02  percent,  but  the  chenoe  In  airflow  versus  if  cenpratsor  prassure  ratio  mm  more 
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significant,  0.6  percent.  However,  the  engine  did  not  contain  e  great  deal  of  diagnostic  Instrumentation  and 
therefore  It  1s  Impossible  to  detect  precisely  what  happened  Internally  within  the  compressor  ee^onents.  It  1s 
postulated  that  this  engine  was  Insensitive  to  the  maldistribution  In  pressure  In  the  first  few  stagse  of  the 
low  pressure  compressor  and  therefore  the  effect  on  overall  engine  performance  was  negligible.  The  eerly  design 
of  this  engine  with  reletlvely  low  loedlng  of  exponents  means  that  It  It  very  tolerant  to  distorted  Inlet  flow. 
More  modem  engine  designs  might  be  more  sensitive  to  Inlet  pressure  distortion  and  might  show  differences  In 
overall  engine  performance. 

2.6.6  »oat tel l  force 

During  the  analysis  of  the  UETP  thrust  dots  It  beemae  apparent  that  the  method  of  accounting  the  boettall  force 
differed  between  test  sites.  Some  sftes  ignored  this  force  esuning  from  past  experience  that  It  wee  relatively 
small,  whilst  others  accounted  for  it  as  pert  of  their  normal  procedure.  The  engine  was  fitted  with  surface 
pressure  tappings  at  the  rear  of  the  noztle  and  the  boattsll  force  was  estimated  using  these  meesureeients,  see 
diagram  below.  Figure  11  shows  the  results  for  conditions  6  and  9  for  the  altitude  facilities  end  a  value  for 
each  see-level  test  site.  It  can  be  seen  that  generally  the  force  Is  Insignificant  When  compared  with  the  level 
of  net  thrust,  never  exceeding  0.0 7  percent  In  the  case  of  the  altitude  facilities  justifying  the  decision  of 
those  sites  which  did  not  account  for  It. 


Fbt  =  (P<>*rPosH  A7-  Ag)/2 


2.6.5  Change  In  exhaust  nozzle  ares 

There  was  some  concern  that  the  exhaust  nozzle  might  be  damaged,  dented  or  ovalieed  changing  the  effective  area, 
68,  during  the  course  of  the  UETP.  This  was  not  borne  out  by  exit  area  measurements  made  at  each  test  site 
during  the  course  of  tests.  The  average  area  measured  at  some  of  the  test  sites  from  a  series  of  measurements 
Is  shown  below. 


AS 

Dlff  from  average 

sq.m 

per  cent 

NASA 

0.2376 

0.06 

AEDC 

0.2378 

0,13 

NRCC 

0.2372 

-0.13 

RAE(P) 

0.2376 

-0.06 

Average 

0.2375 

It  can  be  seen  that  the  area  remained  constant  for  all  practical  purposes  and  the  correlations  of  shaft  speeds 
also  confirmed  that  effectiva  nozzle  area  remained  constant  at  all  test  sites. 

2.6.6  nozzle  Inlet.  Station  7-  rake  alignment 

During  the  first  NASA  test  It  became  apparent  that  the  Station  7  total  pressure  rakes  did  not  adequately  measure 
a  true  mean  pressure.  The  pressure  profile  at  Station  7  was  strongly  influsncsd  by  the  large  upstream  turbine 
exit  struts  and  the  attendant  swirl  in  the  flow.  In  an  effort  to  understand  the  nozzle  entry  total  pressure 
profile,  the  tailpipe,  and  hence  rake,  was  rotated  at  Increments  of  10  degrees  over  an  arc  p20  degrees  either 
side  of  the  datue  UETP  position.  Measurements  of  pressure  were  taken  at  test  conditions' 6  and  9.  Figure  12 
shows  a  plot  of  the  average  total  pressure  derived  from  the  rake,  a  static  pressure  and  turbine  exit  total 
pressure  for  the  5  angular  positions  at  test  condition  6  at  a  high  rotor  speed  of  8900  rpm.  Mtereas  the  static 
pressure  and  turbine  exit  pressure  remain  fairly  constant,  the  derived  total  pressure  from  the  rake  varies  over 
a  bandwidth  of  2.5  percent  at  this  flight  condition.  The  corresponding  effect  on  calculated  nozzle  coefficients 
at  test  condition  6,  thrust  CSS  and  flow  CDS,  can  be  seen  In  Fig  13.  The  difference  In  thrust  coefficient  is  of 
the  order  of  6  percent  for  e  rotation  of  20  degrees  In  either  direction  from  the  detua  position.  For  the  flow 
coefficient  there  are  not  only  changes  In  level,  but  the  shapes  of  the  curves  are  also  altered.  Although  at 
high  engine  power  the  coefficient  Is  coaperebte  for  all  three  angular  positions,  at  lower  engine  powers  the 
coefficients  are  1.5  to  2.5  pertsnt  lower  for  the  extrema  angles  of  p20  degrees,  tome  of  the  differences  In 
observed  nozzle  coefficients  can  be  accounted  for  by  malt  changes  in  other  msesurad  parameters,  for  example, 
airflow,  fuel  flow,  thrust  and  ambient  pressure.  In  siaaaary  therefore,  and  taking  Into  account  the  other 
measured  differences  In  Influential  parameters,  a  3.5  percent  decrease  In  P7  gave  a  1.9  Increase  In  CDS  and  a 
6.3  percent  Increase  In  CCS  resulting  from  a  10  degree  rotation  of  the  tailpipe. 
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ThU  investigation  on  nozslo  Inotrt— ntotion  oorvoo  to  indieoto  thoti- 

(•)  It  It  difficult  to  provide  on  orrty  of  protturo  InotruMntotfon  that  will  give  •  true  integrated 
average  total  preeaure  in  the  jet  pipe. 

(b)  If  total  preature  inatruMen.ation  la  provided,  then  It  Must  renaln  consistent  throughout  all 
development  and  flight  tooting  if  coeffieiente  are  to  be  used  to  derive  thruet  and  airflow  from  facility 
measurements. 

(e)  Static  pressure  measurements  in  the  jet  pipe  are  less  sensitive  to  local  flow  disturbances  and  are  a 
far  more  rugged  measurement.  Therefore,  provided  core  is  taken  in  the  geometry  and  manufacture  of  the  tapping  a 
reliable  total  pressure  can  be  derived  and  used  to  calculate  nozzle  coefficients. 

a.6.7  Enaim  MttUat  Um 

Th.  UETP  General  Test  Plan  specified  an  engine  thermodynamic  settling  time  of  5  .inutet  before  the  date  capture 
ecen  sequence  nee  Initiated.  A  nepeet  teen  was  to  be  Initiated  a  funther  two  minutes  later.  The  recaenendation 
for  the  settling  tine  was  reached  after  exploratory  teett  at  NASA  showed  stable  operation  would  be  reached 
within  the  five  minutes. 

Further  investigations  both  at  RAE,  an  altitude  test  facility,  and  NRCC,  a  ground-level  test  facility,  confirmed 
that  five  minutes  settling  time  was  sufficient  to  enable  the  engine  to  -each  stable  thermodynamic  conditions 
prior  to  a  data  scan  being  Initiated. 

In  any  test  of  a  new  type  of  engine  in  a  teat  facility,  a  period  should  be  set  aside  to  Investigate 
thermodynamic  settling  time  in  the  teat  programme  at  the  eerliest  opportunity  so  that  when  steedy-state 
performance  measurements  are  being  collected  sufficient  time  can  be  left  to  enable  thermodynamic  stabilization 
to  have  taken  piece. 

2.7  An  enhanced  method  of  presenting  performance  differences 

It  has  been  shown  earlier  that  the  standard  performance  graphs  for  the  inter-facility  comparisons  make  it 
difficult  for  the  reader  to  distinguish  the  results  for  each  individual  teat  site.  This  was  because  the  'y' 
scale  had  to  cover  such  a  large  range  to  ancoepae*  the  range  of  measurements  that  Individual  differences  were 
not  large  enough  for  the  eye  to  toe.  Tho  presentation  could  be  inf) roved  by  enlarging  the  V  scale  such  that 
differences  are  magnified. 

2.7.1  Enlarging  the  'V  scale 

Fig  14  shows  a  typical  selected  UETP  graphical  presentation  of  FNRD  versus  P7Q2  at  an  inlet  preeeure  of 

51.7  kPe,  an  Inlet  temperature  of  288  K  and  a  ram  ratio  of  1:50.  It  Is  difficult  to  detect  the  differences  in 
performance  of  some  teat  sites  in  this  presentation.  Only  in  the  case  of  CEPr,  where  the  difference  I* 
5  percent,  is  it  apparent.  The  technique  of  enlarging  the  >y>  scale  consists  of  constructing  a  datum  line  so 
that  it  lies  a  little  below  ell  the  actual  results,  in  this  cate  the  datua  line  has  been  chosen  to  be:- 

y  •  12.804X  -  11.050  . 

The  difference  of  every  measured  point  from  the  datum  line,  AFNRD,  la  calculated  end  these  value*  re-plotted, 
tee  Fig  15.  it  it  now  possible  to  see  ill  the  detailed  features  which  were  not  apparent  in  Fig  14. 

Separate  polynomial  curvet  can  now  be  fitted  to  the  date  from  each  feclilty.  In  the  case  of  CEPr,  a  curve  of 
degree  5  wet  selected,  by  statistical  significance  tests,  ss  the  beet  fit.  For  the  other  facilities,  curves  of 
degree  2  were  fowd  to  be  appropriate. 

Th*  range  of  AFNRD  between  fecilttiee  It  now  ehown  to  be  5.1  percent  of  FNRD  or  0.70  kN.  This  i*  slightly 
different  from  the  5.4  percent  originally  quoted  in  th*  UETP  report,  probably  due  to  alternative  curve  fitting 
<1*  th*  cubic  chosen  here  for  the  CEPr  result). 

Values  of  random  error  limit  of  curve  fit  (REICF)  have  stso  been  calculated  for  each  curve  fit  end  give  an 
indication  of  the  scatter  of  the  results  sbout  ths  curve  that  hes  been  fitted.  More  will  be  said  ebout  REICF  in 
the  lecture  on  statistical  techniques.  The  scatter  of  points  ebout  the  fitted  curve*  gives  a  guide  to  the 
precision  errors  for  each  test  facility,  typically  very  email.  The  differences  between  the  fitted  curve*  give 
an  indication  of  th*  bias  srrors  between  test  sites  which  srt  much  lorger  than  the  precision  error*. 

In  conclusion,  uhsre  comparisons  are  to  be  mad*  between  test  results  which  art  expected  to  give  differences 
which  ere  only  a  email  percentage  of  th*  overall  rang*  of  mtssursswnt,  than  It  I*  recom sanded  that  not  only 
should  th*  full  graphical  presentation  be  ehotm,  but  also  th*  enlarged  'y'  scale  method  should  be  adopted.  By 
prtientlng  both  dtepleye,  tho  shape*  of  th*  overall  curve*  can  be  interrogated  end  th*  difference*  accurately 
Identified. 


2.a  teiBlw  at  riafoad  pntU.n 

2.8.1  The  measurement  of  P7  end  T7  at  CEPr 

A  detailed  examination  of  the  mein  altitude  results  reveelt  th*  observed  anomaly  that  ths  CEPr  data  for  FNR0 
versus  P7Q2  st  all  test  condition*  gave  higher  curves  whan  coopered  with  the  ether  three  facilities,  AE0C,  NASA 
and  RA2(P).  Th*  differences  between  the  CEPr  data  and  th*  data  obtained  st  th*  other  facilities  Is  quite 
marked,  for  example  see  Fig  16.  However,  th*  plots  of  T702  versus  P702  do  not  show  th*  asm*  Isrgt  differences 
between  CEPr  and  other  facility  date. 
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In  taction  2.6.6  It  Ml  shown  that  th«  P7  atatlc  prat  aura  measurement  mi  a  rugged  measurement  and  Inaanaltlva 
to  channel  In  nozzle  hardware  geometry,  rotation,  ate.  Using  thla  measurement,  a  total  pressure  can  be 
calculated  assuafng  a  jet  pipe  area  and  a  value  for  game,  the  ratio  of  tpeclflc  heata.  Thla  procaaa  waa 
applied  te  ell  the  eltltude  facility  dete  for  PIT  te  eeleulete  e  P7CAIC  et  ell  ten  teet  condition!,  a 
difference  analyela  wet  then  carried  out  ualng  the  principle!  outlined  In  taction  2.7.  Plote  were  produced  of 

P7  Matured  versua  P7CAIC  for  the  data  fro*  all  four  ftcllltlet  end  a  atralght  line  fitted  to  thla  data. 

Percentage  difference  graphe  were  then  plotted  for  the  difference  of  each  point  from  the  atralght  line  plotted 
sgainst  the  P7CALC  value.  Thla  analyala  enlarged  the  'y'  acale  and  highlighted  the  difference  In  Maaureaienta 
between  each  facility  for  P7.  An  example  of  theae  ptota  can  be  aeen  In  Fig  17,  where  the  data  for  each  facility 
are  plotted  with  a  different  symbol  and  Fig  17A  la  for  Teat  Condition  A  and  Fig  17B  la  for  Teat  Condition  9. 

In  thla  analyala  the  P7  matured  values  for  CEPr  were  consistently  below  those  for  the  other  teat  altea.  At  all 
ten  teat  conditions  P7  differences  between  AAE(P)  and  AEDC  were  never  greeter  than  aproximtely  0.5  percent.  In 
six  out  of  ten  conditions  NASA  P7  also  agreed  well  with  RAE(P)  and  AEDC  never  being  wore  than  1  percent 
different.  At  Teat  Condition  3,  no  NASA  data  Mre  available,  leaving  three  Teat  Conditions,  5,  6  and  10  where 
large  differences  occurred,  greater  than  3  percent.  However,  NASA  Identified  theae  teat  conditions  as  those 
where  tailpipe  rotation  waa  present  and  P7  Measured  has  already  been  shown  to  be  effected  by  thla  change  In 
geometry  (see  section  2.6.6).  Therefore,  the  large  observed  differences  In  P7  at  theae  three  test  conditions 
are  not  unexpected.  The  large  differences  in  P7  between  the  CEPr  data  and  other  test  facilities  aust  therefore 

be  due  to  either  a  ala-aligned  tailpipe  assembly  or  soaie  other  bias  in  the  pressure  masureaents  collected  from 

the  rake  assaably.  It  is  therefore  recoanended  that  the  results  of  FNRO  versus  P702  for  CEPr  be  discounted  from 
the  facility  comparison. 

If  the  T702  versus  P7D2  results  are  now  examined  It  will  be  found  that  similar  differences  are  found  in  the  CEPr 
data  when  compared  with  the  other  facilities.  However,  the  differences  In  these  plots  are  not  almys  consistent 
with  those  of  the  FNRO  versus  P702  figures.  Flow  distortions  due  to  wakes  from  turbine  struts  are  not  so 
dominant  In  creating  total  teaparatura  distortion  and  therefore  this  result  Is  probably  not  unusual. 
Nevertheless,  since  CEPr  P7  data  has  atraady  been  shown  to  be  unsatisfactory  It  auat  therefore  be  recommended 
that  the  T7Q2  plots  against  P7B2  should  also  be  disrsgsrdad. 

2.8.2  The  Turkey  sea- level  test  bed  results 

The  ground- level  test  facility  ccmparlsana  showed  the  Turkey  see-level  test  bed  (TUAF)  results,  although  having 
approximately  the  same  curve  slope  as  the  other  three  teat  facilities,  departed  rather  more  from  the  mean  than 
expected,  for  axaaplc  see  Fig  IB.  The  most  probable  reason  for  this  departure  la  due  to  a  lack  of  eapirlcal 
corrections  for  this  type  of  engine  In  the  TUAF  facility.  The  TUAF  test  stand  waa  designed  for  pre  and  post 
engine  overhaul  testing  of  those  engines  in  the  Turkish  Airforce  Inventory.  The  J57-19  engine  Is  not  one  of 
these  engines  and  therefore  cell  correction  factors  are  not  available.  In  addition,  manual  recording  of  data  at 
this  facility  increased  both  the  measurement  bias  and  precision  uncertainties.  The  TUAF  published  results  for 
the  UETP  are  therefore  considered  unrepresentative  for  their  particular  teat  stand.  In  view  of  this  the,  TUAF 
data  have  not  been  included  when  calculating  the  percentage  spreads  between  facilities. 

2.8.3  Ha_NAa_CMMl3l  for  the  ground.: .layyl/pU Hyde  facility 
SSBEgriiSQ 

In  the  altitude/ground-levet  test  site  comparisons,  with  the  exception  of  NASA,  all  the  altitude  facility  data 
related  to  an  Inlet  temperature  of  288  X.  Because  Test  Condition  3  for  engine  60 75 94  was  omitted  by  NASA  due  to 
a  restricted  test  window.  Test  Condition  4  (T1  •  308  K)  was  substituted  Instead.  The  ixicertaln  magnitude  of  the 
effect  of  Inlet  temperature  change  on  the  ievela  of  performance  parameters  in  the  coupon  son  meant  that  although 
the  NASA  curves  are  shown  on  the  figures,  their  data  have  been  excluded  from  the  calculation  of  spreads  at  the 
mid-thrust  point. 

3  CONCLUDING  RENAMES 

This  Paper  has  provided  an  Insight  Into  the  various  Mthods  considered  for  the  process  of  test  facility 
cooper (sons  during  the  UETP.  It  must  be  emphasised  that  this  Paper  must  be  considered  In  conjiawtion  with  the 
main  UETP  report,  AGARD  AN  248  In  which  a  comprehensive  picture  of  all  aspects  is  provided.  The  Lecture  Series 
will  now  continue  with  detailed  considerations  of  the  results  obtained  from  the  testing  and  the  statistical 
techniques  applied  to  the  results.  It  should  be  noted  that  this  uilque  exercise  provided  the  first  opportunity 
for  all  the  test  sites  to  determine  the  actual  bias  In  their  Masurements.  The  importance  of  this  event  is 
that  It  enabled  the  estimates  of  bias,  which  could  previously  only  be  based  on  subjective  judgements,  to  be 
compared  with  reality.  In  fact,  as  a  later  lecture  will  show,  the  agreement  was  good  which  gives  confidence  in 
the  use  of  these  subjective  Mthods  for  different  engines  or  when  Mjor  changes  to  facilities  are  made. 
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TABLE  1 

UETP  -  Percent  A  SFCRD  between  cubic  and  quadratic 
curve  fitting  for  RAE(P)  data 


UETP 

Test 

Cond . 

Power  Level 

Low 

A  SFCRD  % 

— 

Medium 

A  SFCRD  % 

High 

A  SFCRD  % 

1 

-0.05 

0 

+  0.05 

2 

+  0.05 

0 

-0.05 

3 

+  0.05 

0 

0 

4 

+0 . 05 

0 

-0.05 

5 

+0 . 11 

+  0.08 

-0.15 

6 

+  0 . 16 

+0.07 

-0.21 

7 

+  0.16 

0 

-0.17 

a 

+  0.10 

+  0.13 

-0.13 

9 

+  0.26 

+0.09 

-0.27 

10 

+  0.19 

-0.05 

-0.23 

A  SFCRD  -  Quadratic  -  Cubic  °/0  Percent 
Quadratic 
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Table  Z 

Altitude  facility  comparison  (altitude  conditions)  (NASA*.  ASDC,  CEPr,  RAE(P)) 


Engine 

Parameter 

(Independent 

Variable) 

Overall 
percentage 
spread  at 
mid  thrust 
(Without  CEPr) 

Data  within 
two  percent 
band 
(percent) 

Percentage 
spread  of 
estimated 
uncertainty 

Comments 

NLQNH 

(NHRD) 

0.4  to  0.8 
(0.04  to  0.6) 

99 

0.04  to  1.4 

1  Smallestvariationofanydataset. 

2  Cycle  re-match  with  time 
accounts  for0.3  per  cent  variation. 

T7Q2 

(P7Q2) 

0.6  to  2.0 
(0.3  to  1.3) 

98 

0.6  to  1.2 

1  Several  temperature  and  pressure 
sensors  replaced. 

2  Possible  variation  of  flow  pattern 
in  tailpipe. 

3  Cycle  re-match  with  time 
accounts  for  up  to  0.3  per  cent 
variation. 

WA1RD 

(NLRD) 

1.3  to  3.6 
(1.3to2.9) 

88 

0.8  to  5. 2 

Sonic  venturi  appears  to  ofler 
measurement  accuracy  benefits. 

WFRD 

(NHRD) 

3.8to5.5. 

(1.0to3.0) 

63 1 

0.8  to3.4 

Volumetric  positive  displacement 
meter  appears  to  offer  measurement 
accuracy  benefits. 

FNRD 

(P7Q2) 

3.4to5.4 

(0.3to3.3) 

69t 

0.8  to  6.4 

1  Some  variation  due  to  thermal 
non-equilibrium  effects. 

2  P7  measurement  effects. 

SFCRD 

(FNRD) 

0.9  to  2.4 
(0.9  to  2.4) 

89 

1.2  to  7.0 

•No  NASA  data  for  Test  Condition  3. 


tCEPr  results  consistcnty  displaced  from  other  three  facilities.  If  deleted,  figures  become  85  (WFRD)  and  92  (FNRD). 
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Table  3 

Ground-level  bed  comparison  (SLS  conditions)  (NRCC,  CEPr,  TUAF,  AEDC*) 


Engine 

parameter 

(Independent 

Variable) 

Overall 
percentage 
spread  at 
mid-thrust 
(with  TUAF) 

Percentage 
spread  of 
estimated 
uncertainty 

Comments 

NLONH 

0.5 

0.2  to  1.6 

Spread  similar  to  that  in  altitude  facilities. 

(NHR) 

(IS) 

T702 

u 

0.9  to  1.8 

Spread  affected  by  failure  of  T7 

(P7Q2) 

(2.5) 

thermocouples  at  NRCC. 

WA1R 

1.9 

0.6(o  1.5 

NRCC  airflow  low  by  1-1. 5  per  cent 

(NLR) 

(4.8) 

WFR 

3.5 

0.0  to  2.5 

Spread  reduced  to  1 .8  per  cent  when  CEPr 

(NHR) 

(«  0) 

values  removed 

FNR 

0.7 

1.0  to  2.3 

(P7Q2) 

(2.5) 

SFCR 

1.8 

1.5io3.5 

(TOR) 

05) 

‘Tests  in  AEDC  altitude  rcll  at  standard  sca-lcvcl  static  conditions  included  for  comparison. 


Table  4- 

Ground  level  bed/altitude  cell  comparison.  Sea-Level  Static  Conditions.  Engine  607594 


Engine  parameter 
(Independent 

Variable) 

Overall  spread 
at  mid-thrust 
(Percent) 

Comments 

NLONH 

0.5 

(NURD) 

T7Q2 

2.3 

Spread  affected  by  failure  of  T7  thermocouples  at  NRCC 

(P7Q2) 

WAIR 

2.5 

NRCC  airflow  low  by  1.0  —  1.5  pet  cent. 

(NLRD) 

WFR 

3.6 

(NHR) 

FNR 

5.0 

Spread  reduced  (o  3.0  percent  if  CEPr  (All) 

(P7Q2) 

non-equilibrium  values  removed. 

SFCR 

2.7 

Max  spread  is  between  NRCC  (GL)  highest  and  AEDC 

(FNR) 

(All)  lowest 
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TABLE  5 

Differences  in  engine  inlet  total  pressure  using 
different  calculation  methods. 


NASA 

Condition  3 
Test  Point  746 


Number  of 
pressure 
value  s 
cons ide red 


Percentage 
contribution 
of  the 
main  rake 
to  P2AV 


Percentage 
contribution 
of  the 
bounda  ry 
layer  rake 
to  P2AV 


Total  area 

assigned  to 
all  probes 
(  Physical 
area 

636 . 692  in  ) 


Average 

Pressure 

Calculated 

[  kPa  ] 


Method  1 
(GTP 

Baseline ) 


20 

(main) 


100  Z  '  Total  Area 

(Simple  arithmetic  average) 


83 . 246 


Method  2 


20 

(main) 


100  Z 


837 . 720 


83 . 246 


Method  3 


8 

(main) 


100  Z 


333.544 
( 4  0 Z  of 
area) 


84 . 048 


Method  4 


46 

(main  + 

boundary 

layer 


90  Z 


10  Z 


697.406 


83.186 


Method  5 


6 


33  Z 


837.672 


83 . 206 
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FIG.1  TYPICAL  TABULATED  DATA  SHEET 


F16  2  TEST  ENVELOPE  FOR  RAE  (P)  CELL  3 


UETP  TEST  CHRONOLOGY 


FACILITY 

ALTITUDE 

SEA  LEVEL 

Engine 

Serial  No. 

607594 

615037 

607594 

615037 

NASA  (1) 

y 

y 

AEDC 

y 

y 

NRCC  (1) 

y 

y 

CEPr 

y 

y 

y 

RAE(P) 

y  * 

TUAF 

y 

RAE(P) 

y 

NASA  (2) 

y 

y 

NRCC  (2) 

y 

y 

NAPC 

y 

1.  *  Test  aborted 

2.  Numbers  in  brackets  denote  FIRST  and  SECOND  Test  Series 
at  same  site. 


FIG.  3  GEOGRAPHICAL  AND  CHRONOLOGICAL  ORDER  OF  ENGINE  TESTS 


(Temperature 


FIG. 4  TYPICAL  GRAPHICAL  DATA  PRESENTATION 


SPECIFIC  FUEL  CONSUMPTION 


THRUST 


SFCAO  (VERSUS  FNRD)  WA1RD  (VERSUS  NLRD)  FNRD  (VERSUS  P702) 

HAxift*  spread  at  mo  thrust  point,  x  naxinuti  spread  at  mo  thrust  point,  x  haxwuh  spread  at  mo  thrust  point. 


N.O 

3.0 

2.0 

1.0 

0 

5.0 

A.O 

3.0 

2.0 

1.0 

0 

5.0 

N.O 

3.0 

2.0 

1.0 

0 


INCREASING  TEJf’ERATUKE  INCREASING  PRESSURE  INCREASING  RAH  RATIO 


(CONSTANT  PRESSURE  (CONSTANT  TEHPERATURE  (CONSTANT  TEHPERATURE 


AND  RAH  RATIO)  AND  RAH  RATIO)  AND  PRESSURE) 


TEST  CONDITION 


Fig.  0  Spreads  in  not  thrust,  airflow,  and  SFC  —  altitude  facilities 
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Figure  9 :  Circumferential  Location  of  Probes 


Fig.1 0  Effect  of  inlet  duct  on  station  2  total  pressure  profile 
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G.11  BOATTAIL  FORCE 


Tailpipe  pressure  loss 
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O  (P5-P7WP5 
9  (P5-P7M/P5 


O 

9 


O 

9 


,  lb _ 1.1  1 

-20  -10  0  10  20 
Angular  rotation,  deg 


30 


P?  ■  KPS7,A7fA8). 


Fig.l  2  Total  and  static  pressure  variation  with  tailpipe 
relation  (TC6-807594  NHR  -  8900  rev/min) 


13 


Effect  of  tailpipe  rotation  on  thrust  and  Dow  (TC9-607594) 


Test  Facility 


•5 


•6  1- 


2-2  2-3  2- 


1-8  1-9  2-0  2-1 

P7Q2 

FIG. 15  EXAMPLE  OF  REVISED  GRAPHICAL 
PRESENTATION 


(Pressure 


F<g.  1 6  Altitude  facility  net  thrust  comparison  with  variable  inlet  temperature  (engine  607954) 
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INVESTIGATION  OF  FACTORS  AFFECTING  DATA  COMPARISON 

by 

D.M.  Rudnitskl 
Section  Head 
Engine  laboratory 
National  Research  Council  Canada 
Ottawa.  Ont.  K1AOR6 
CANADA 


SUMMARY 

In  evaluating  engine  performance  in  test  facilities,  ground-level  test  beds  or  altitude  tanks,  facility  influences  on  performance 
measurements  must  be  quantified.  Of  the  three  main  engine  parameters,  only  fuel  flow  measurement  is  facility  type  independent,  whereas 
thrust  and  airflow  calculation  procedures  tend  to  be  facility  type  specific.  Data  consistency  checks  for  thrust  and  airflow  using  the  method 
of  flow  coefficient,  has  been  demonstrated  to  be  quite  a  useful  tool  for  inter-facility  comparisons,  whereas  for  fuel  flow,  sensor  redundancy 
is  most  common. 

The  possibility  of  engine  deterioration  occurring  during  an  extended  test  program  required  close  monitoring  of  basic  engine  parameters 
using  facility  independent  sensors.  Although  some  long-term  changes  in  engine  behaviour  did  occur,  the  magnitude  of  these  shifts  did  not 
warrant  data  correction. 


LIST  OF  SYMBOLS 

A8 

Area  at  Exhaust  Nozzle  Inlet 

ABDC 

Arnold  Engineering  Development  Center 

AEDC 

Arnold  Engineering  Development  Centre 

CDS 

Flow  Coefficient 

CEPr 

Centre  d’Essais  des  Propulseurs 

CG8 

Gross  Thrust  Coefficient 

FQ 

Gross  Thrust 

GTP 

General  Test  Plan 

LHV 

Lower  Heating  Va/ue 

NASA 

National  Aeronautics  and  Space  Administration 

NHR 

High  Rotor  Speed 

NLQNH 

Ratio  of  Rotor  Speeds 

NLR 

Low  Rotor  Speed 

NRCC 

National  Research  Council  of  Canada 

P2AV 

Average  Pressure  at  Compressor  Inlet  Plane 

P3 

Compessor  Discharge  Pressure 

P7 

Exhaust  Nozzle  Inlet  Total  Pressure 

P7QAMB 

Nozzle  Pressure  Ratio 

PAMB 

Static  Pressure  at  Exhaust  Nozzle  Plane 

PS7 

Exhaust  Nozzle  Inlet  Static  Presure 

RAE(P) 

Royal  Aerospace  Establishment  Pyestock 

RAMSPC 

Specified  Ram  Ratio 

SFC 

Specific  Fuel  Consumption 

T3 

Compressor  Discharge  Temperature 

74 

Combustor  Exit  Temperature 

T7 

Exhaust  Nozzle  Inlet  Total  Temperature 

TUAF 

Turkish  Air  Force  Supply  and  Maintenance  Centre 

UETP 

Uniform  Engine  Test  Program 

WA1 

Faculty  Meaaurad  Engine  Airflow 

WAS 

Reference  Engine  Airflow 

WF 

Facility  Fuel  Flow 

WFE 

Engine  Reference  Fuel  Flow 

1  INTRODUCTION 

The  previous  lectures  have  provided  some  appreciation  of  the  complexity  of  the  UETP,  as  not  only  was  this  project  conducted  over 
a  period  of  several  years,  but  the  variety  of  test  installations  and  lack  of  anvironmental  control  In  certain  facilities  made  direct  data 
comparison  mora  challanging  than  originally  envisaged.  This  lecture  will  deal  with  a  number  of  factors  affecting  data  comparison,  pointing 
out  tha  differences  between  altitude  end  ground-level  test  beds  regarding  thrust  and  airflow  measurement.  Another  consideration  was  that 
the  ambient  corrections  for  temperature,  pressure,  end  to  a  lesser  extent  humidity,  using  the  data  reduction  equations  included  in  the  General 
Test  Plan  (OTP),  (Ref.  1),  were  valid  over  e  limited  excursion  range,  introducing  additional  deviations  in  the  calculated  performance 
parameters.  These  corrections  ere  of  greater  eignificance  for  ground-level  test  beds,  which  have  no  capability  for  environmental  control. 

The  three  main  performance  parameters,  airflow,  thrust  end  fuel  flow  were  critically  evaluated  using  e  system  of  cross  checks  end 
j  consistency  checks  to  quantify  any  facility  or  interfacility  bias.  In  cases  where  the  values  exceeded  declared  uncertainty  limits,  reasons  for 

i 
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variations  were  sought  Of  course,  in  an  engine  test  program  involving  considerable  engine  running  time,  the  question  of  engine 
performance  retention  must  be  addressed.  There  was  considerable  debate  on  whether  there  was  any  engine  deterioration,  and  if  so,  how 
could  it  be  accounted  for  in  the  data  comparison. 

in  this  lecture,  the  following  subject  areas  will  be  discussed,  with  typical  examples  excerpted  from  Ref.  2  as  appropriate. 
h  Facility  last  configuration ,  altitude  vs.  ground-level 

2.  Thrust  definition,  altitude  vs.  ground-level 

3.  Ambient  corrections 

4.  Measurement  consistency  checks  for  airflow,  thrust  and  fuel  flow 

5.  Engine  rematching,  with  concentration  on  performance  retention 

A  number  of  facility  effects  were  already  covered  in  the  previous  lecture,  but  it  is  worth  briefly  recapping  some  of  the  more  significant 

ones. 

2  FACILITY  EFFECTS 

2.1  Test  Configurations 

Prior  to  the  discussion  of  engine  performance  measurements,  K  is  necessary  to  examine  the  test  configuration  and  the  requirements 
imposed  by  the  basic  physic#  of  the  engine  and  angina  operating  environment. 

There  were  two  classes  of  test  facilities  in  the  UETP,  the  ground-level  test  bed,  and  the  direct-connect  or  altitude  test  configuration. 
For  a  ground-level  test  bed,  the  engine  directly  takes  in  atmospheric  air,  and  exhausts  directly  back  into  the  atmosphere.  The  direct-connect 
configuration  derives  its  name  from  the  fact  that  the  engine  inlet  is  directly  connected  to  a  controlled  air  supply  system,  and  the  exhaust 
exits  into  a  separately  controlled  environment.  The  essential  features  of  the  different  types  of  turbine  engine  test  configurations  are  shown 
in  Figure  1  (Ref.  3  and  4). 

2.1 .1  Ground-level  Teet  Bed 

The  ground-level  tests  beds  differed  from  one  another  in  two  major  respects:  the  size  of  the  cell  cross  section  and  the  layout  of  the 
flow  path.  The  outdoor  test  stand  at  NAPC  represented  one  extreme,  the  engine  being  in  a  free  field  environment  with  no  inlet  silencing 
splitters  or  exhaust  detuner.  The  other  beds  were  enclosed  cells  with  the  inlet  arranged  either  horizontally  (NRCC  and  CEPr)  or  vertically 
(TUAF)  and  with  the  exhaust  discharging  vertically  upwards.  In  ground-level  test  cells,  the  diffuser  size  and  placement  have  a  marked  effect 
on  the  test  cell  secondary  flow  rates  and  windage  drag  on  the  engine  installation.  It  is  preferable  to  use  an  augmantor  tube  which  can  be 
moved  relative  to  the  engine  exhaust  plane,  and  a  variety  of  collector  inserts  to  modify  the  flow  area.  The  engine  nozzle/collector  diameter 
ratio,  the  entrance  configuration  and  spacing  between  the  engine  noz2le  and  collector  are  key  design  elements  in  determining  the  entrained 
secondary  airflow  and  the  static  pressure  field  around  the  nozzle,  in  general,  the  nozzle/collector  diameter  ratio  determines  the  secondary 
airflow,  and  hence  inlet  momentum  and  windage  drag,  while  the  nozzte/collector  spacing  strongly  influences  the  local  static  pressure  field 
around  the  nozzle.  Of  course,  there  it  an  interaction  between  these  two  effects,  thus  each  installation  should  be  specifically  tuned.  Detailed 
descriptions  of  the  Individual  beds  are  given  in  Appendix  II  A  of  Ref.  2. 

2.1 .2  Altitude  Test  Celle 

The  altitude  celts  were  all  of  the  aame  basic,  direct  connect  type;  the  mein  differences  were  the  aize  of  the  cel),  the  design  of  the  joint 
between  the  fixed  inlet  ducting  and  the  moveable  portion  attached  to  the  thrust  frame,  the  method  of  measuring  the  inlet  airflow,  and  the 
geometry  of  the  exhaust  collector  and  Its  positioning  in  relation  to  the  engine  nozzle. 

Although  there  are  a  number  of  hardware  options  available  to  Implement  each  of  the  key  functions  in  a  dirsct-connect  test  configuration, 
it  is  nevertheless  essential  that  each  of  the  following  functions  be  successfully  Implemented. 

First,  the  flow  of  air  through  the  engine  must  be  known  very  accurately.  A  venturi  or  an  inlet  bellmouth  represent  two  of  the  devices 
used  to  accomplish  this  measurement.  After  the  flow  of  working  fluid  is  carefully  measured,  it  may  be  necessary  to  condition  the  flow  profiles 
of  the  air  entaring  the  engine. 

If  thrust  is  to  be  determined  from  the  sum  of  all  body  forcss  acting  through  the  engine  mounting  trunnions,  then  e  key  element  in  the 
direct-connect  test  installation  is  the  interface  between  the  test  cell  structural  ground  plane  and  the  metered  plane  on  the  engine  thrust  stand. 
It  ;s  a  challenging  problem  to  provide  an  interfaca  plane  that  Is  free  of  mechanical  forces  end,  at  the  aame  time,  has  zero  leakage  for  those 
cases  where  the  airflow  measurement  system  is  located  off  the  engine  thrust  measurement  system.  Perhaps  the  most  essential  element  in 
the  entire  thrust  measurement  system  is  ths  thrust  stand  which  supports  the  test  engine  during  operation.  The  force  measurement  subsystem 
within  the  thrust  stand  provides  t  direct  messurtmsnt  of  ths  forces  applied  to  the  thrust  stand. 

Finally,  for  control  of  the  engine  exit  environment  in  encheed  test  installations,  It  la  necessary  to  utillzs  some  type  of  exhaust  diffuser 
to  collect  the  engine  exhaust  gaees  and  direct  them  away  from  the  teet  cell.  If  adverse  test  cell  flow  recirculations  srs  to  be  avoided  in 
altitude  test  cells,  K  is  necessary  to  match  the  exhaust  diffuser  to  the  test  cell  exhauster  equipment  and  the  test  article  mass  flow.  Tost  cell 
flow  recirculations  stem  from  the  viscous  mixing  of  the  engine  exhaust  jet  with  the  ambient  air  and  the  resulting  flow  impingement  of  the 
exhaust  Jet  wit h  the  diffuser  walla.  Detailed  descriptions  of  ths  individual  ceils  are  given  in  Appendix  II  B  of  Ref.  2. 
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2.1.3  Comparison  of  Installation  Geometries 

In  view  of  the  possible  influence  of  the  teet  installation  on  the  performance  of  the  engine  •  at  the  inlet  by  virtue  of  the  effect  on  inlet 
total  pressure  profile,  particularly  in  the  boundary  layer,  and  at  the  exhaust  through  the  influence  of  static  pressure  gradients  resulting  from 
the  entrained  air  -  it  was  thought  desirable  to  record  the  major  features  of  each  installation  geometry. 

The  inlet  and  exhaust  geometries  of  the  ground-level  beds  are  compared  in  Figure  2  and  the  geometries  of  the  altitude  cells  in  Figure  3. 
The  main  dimensions  of  the  exhaust  collectors  are  summarized  in  Table  1. 

2.2  Gross  Thrust  Definition 

Reference  instrumentation  was  provided  for  all  practicable  measurements,  with  the  stated  purpose  of  setting  test  conditions,  monitoring 
engine  health  and  recording  engine  performance  retention.  Of  the  main  performance  parameters,  two  of  the  three,  facility  airflow  and  fuel 
ftow,  could  be  compared  against  the  reference  measurements,  leaving  thrust  as  a  facility  parameter  only.  Thrust,  gross  or  net,  is  a  derived 
parameter,  made  up  of  scale-force,  pressure-area  and  inlet  momentum  terms.  In  general,  the  scale-force  term  is  dominant,  particularly  for 
ground-level  beds,  however,  at  high  Mach  numbers  achievable  in  altitude  facilities  the  scale-force  is  only  a  small  component 

Special  attention  was  directed  to  the  measurement  of  the  total  pressure  and  temparature  at  the  compressor  inlet  (Station  2)  and  the 
static  pressure  at  the  nozzle  outlet  (Station  0.5)  as  these  parameters  have  a  critical  influence  on  engine  performance. 

One  of  the  difficulties  in  the  UETP  was  in  the  definition  of  PAMB,  and  how  this  pressure  differed  in  each  installation  type.  In  an  outdoor 
facility,  the  engine  operates  In  a  uniform  static  pressure  field;  thus  the  pressure  in  the  plane  of  the  nozzle  exit  is  the  same  as  that  surrounding 
the  engine.  For  this  situation,  with  still-air  conditions,  the  measured  thrust  on  the  load  cell  is  equal  to  the  engine  gross  thrust.  In  an  indoor 
facility,  an  exhaust  collector  is  generally  placed  in  close  proximity  to  the  nozzle  exit,  creating  an  ejector  effect,  thereby  inducing  secondary 
airflow  through  the  test  cell.  This  placement,  combined  with  the  secondary  airflow  entering  the  collector,  locally  modifies  the  static  pressure 
field  at  the  nozzle  exit. 

For  this  situation,  the  engine  static  pressure  environment  is  different  from  that  measured  by  the  trailing  edge  static  taps  (Station  0.5). 
the  value  of  which  was  defined  as  PAMB  in  the  QTP.  To  overcome  this  difficulty,  all  pressure  forces  were  referred  to  a  plane  upstream  of 
the  engine  inlet  which  when  added  to  the  scale  force  and  momentum  terms,  yielded  a  value  for  gross  thrust  (Ref.  5).  See  Figure  4  for  the 
defined  control  volume.  Correction  to  standard  day  conditions  in  ground-level  beds  is  then  simply; 

FGRC  =  FOI(P2AVJ 1 0 1.325) 

rather  than: 

FGR  -  (FG/6)  +  (A8I6HPAMB  -  P2AV) 

as  defined  for  ground-level  test  beds  in  the  QTP. 

Additionally,  for  ground-level  facilities,  FGRC  *  FNRC,  i.e.,  nef  thrutt  =  gross  thru* t 
Section  9  of  Ref.  2  pointed  out  the  inadequacy  of  the  thrust  equations  when  applied  to  an  outdoor  stand  or  a  ground-level  test  bed. 

Referring  back  to  Figure  1C,  in  an  attitude  chamber  the  PAMB  term  is  essentially  cell  pressure,  PSO,  as  the  cooling  airflow  is  small 
enough  to  limit  the  variation  in  static  pressure  around  the  nozzle 

Since  the  data  comparisons  using  thrust  were  based  on  ths  equations  in  the  GTP,  Ref.  1 ,  there  will  be  differences  on  the  ground-level 
bed  comparisons  that  are  artificial.  The  magnitude  of  these  differences  will  be  dealt  with  in  a  later  lecture 

2.3  Ambient  Correction* 

2.3.1  Introduction 

When  setting  up  test  conditions  it  is  impossible  to  achieve  the  required  values  precisely,  even  in  altitude  facilities  where  a  high  degree 
of  control  can  be  exercised.  On  ground-level  test  beds  no  control  is  possibls  over  inlet  conditions  and  significant  variations  from  the  desired 
values  have  to  be  accepted,  particularly  with  respect  to  inlet  temperature. 

For  ths  UETP  programme,  the  engine  performance  parameters  obtained  at  the  *as  set*  test  conditions  were  corrected  to  the  desired 
conditions  using  the  conventional  equations  givsn  in  Appendix  IV  of  Ref.  2.  Similar  equations  wars  used  when  referring  attitude  test  data 
to  standard  ground-levs!  conditions. 

In  the  course  of  detailed  analysis  of  NRCC  Second  Entry  (SE)  tests  which  were  run  at  conditions  well  removed  from  standard  sea-level 
conditions,  6\*cr*pVK*9*  were  seen  between  fuel  flow  data  referred  to  standard  sea-level  conditions  using  the  GTP  formulae,  and  those 
from  tests  run  at  or  close  to  the  standard  conditions.  A'  ro.  RAE(P)  in  thsir  post-test  data  report,  observed  that  fuel  flows  measured  at  RAE(P) 
did  not  relate  using  the  normal  reference  method  with  change  in  engine  inlet  air  temperature.  See  Figure  16.1  from  Ref.  2  for  an  example. 

As  a  result  of  the  observed  discrepancies  In  the  UETP  data  adjustment  parameters,  a  more  detailed  investigation  was  made  of  the 
relationships  used  to  adjust  data  for  a  mismatch  of  inlet  temperature  from  standard  day  conditions  and  engine  ram  pressure  ratio  effects. 

2.3.2  Analyst*  Methodology 

The  adjustment  parameters  used  in  the  UETP  to  correct  airflow,  fuel  flow  and  thrust  for  a  mismatch  in  temperature  and/or  pressure 
era  presented  In  the  following  equations  which  were  obtained  from  Appendix  IV  of  Ref.  2. 
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Airflow 

WA1R  -  WAI/WS 
Fuel  How 

WFR  m  {WFf*/9HLWf42*60) 

Thrust 


FOR  =  (FQ/3)  +  (Ai/d)[PAMB  -  (P2 AVIRAMSPC)] 

To  evaluate  the  deviation#  in  the  UETP  data  comparisons  which  resulted  from  the  use  of  the  UETP  referred  equations,  a  comparison 
waa  made  of  adjusted  data  using  output  from  the  UETP  equations  and  output  from  a  J57  engine  model  simulation.  The  engine  model 
simulation  was  compiled  by  AEDC  using  J57  component  maps  supplied  by  the  US  Air  Force,  Wright*Pattereon  AFB.  The  engine  model  was 
trimmed  to  the  UETP  engine  using  UETP  Test  Condition  3  data  (82.7/1 .0/288). 

After  validation  of  the  J57  engine  model  simulation,  output  from  the  model  waa  compared  with  the  UETP  inlet  temperature  and  engine 
ram  pressure  ratio  correction  predictions  and  differences  noted. 

2.3.3  Temperature  Lapse  Rate 

The  variation  of  engine  performance  with  inlet  temperature  is  referred  to  as  temperature  lapse  rate.  The  differences  between  the  lapse 
rates  that  result  from  using  the  UETP  correction  factors  and  the  J57  model  simulation  are  presented  in  Figure  5.  The  comparisons  were 
accomplished  using  low  rotor  speed  settings  that  bracketed  the  range  of  Interest  for  the  UETP  sea-level  and  near  sea-level  test  data.  Figure 
5  also  presents  the  ground-level  facilities  inlet  temperature  excursions. 

Because  of  the  ability  of  altitude  test  facilities  to  set  inlet  temperature  within  a  few  degrees,  the  imperfections  in  the  UETP  temperature 
referred  equations  have  no  impact  on  the  UETP  altitude  facility  data  comparisons.  Except  for  the  NRCC  (SE)  data,  the  error  In  the  ground- 
level  facility  data  comparisons  using  the  UETP  referred  equations  is  about  0.2  per  cent. 

2.3.4  Ram  Ratio  Effect8 

The  UETP  data  adjustments  for  engine  ram  pressure  ratio  variations  are  basically  correct  for  a  chol  ed  exhaust  nozzle;  however,  most 
of  the  UETP  sea-level  and  near  sea-level  test  data  were  obtained  with  an  unchoked  exhaust  nozzle.  The  differences  in  engine  performance 
as  a  result  of  using  the  UETP  ram  ratio  correction  factors  and  the  J57  model  simulation  are  presented  in  Figure  6.  The  comparisons  were 
again  made  at  a  corrected  low  rotor  speed  of  5806  rev/mln  which  corresponds  to  an  exhaust  nozzle  pressure  ratio  of  about  2. 1  at  sea-level 
and  a  speed  of  5277  rev/min  which  corresponds  to  an  exhaust  nozzle  pressure  ratio  of  about  1.7  at  sea-level.  Figure  6  also  presents  the 
overall  UETP  ground-level  and  altitude  facility  engine  ram  pressure  excursions  for  the  sea-level  and  near  sea-level  test  conditions. 

Based  on  the  differences  shown  in  Figure  6,  there  is  no  significant  Impact  of  the  UETP  facilities  variations  in  engine  ram  pressure  ratio 
on  the  data  comparisons. 

2.4  Treatment  of  Failed  Instrumentation 

Ouring  the  course  of  the  test  series,  a  number  of  sensors  travelling  with  the  engines  as  the  reference  instrumentation  suffered  from 
physical  deterioration.  Particularly  susceptible  were  the  hot  end  sensors,  T7  and  P7,  necessitating  a  change-out  at  CEPr,  the  fourth  stop 
in  the  test  sequence.  As  these  measurements  were  rather  critical  in  evaluating  nozzle  flow  and  thrust  coefficients,  some  level  of  confidence 
had  fo  be  placed  in  the  quality  of  measurements.  Of  particular  importance  was  the  treatment  and/or  synthesis  of  missing  information  when 
one  or  more  of  these  sensors  went  unserviceable.  In  the  case  of  P7,  it  was  necessa'y  to  base  comparisons  on  a  measured  PS7,  and 
computing  a  P7  using  a  tailpipe  area  ratio  and  gamma.  Temperature,  T7,  could  not  be  synthesized.  Instead,  each  facility  had  to  declare 
their  methods  of  probe  substitution,  but  no  quantitative  analysis  of  facility  methods  was  done  Thus,  there  is  some  additional  uncertainty 
cast  in  data  comparisons  using  T7. 

3  MEASUREMENT  CONSiSTENCY  CHECKS 

Each  facility  employed  their  own  in-house  techniques  for  ensuring  the  integrity  of  their  data,  using  various  error  checking  techniques 
as  part  of  the  measurement  evaluation  process. 

Maximum  confidence  in  a  measurement  is  only  achieved  when  multiple  sampling  of  two  or  more  independent  methods  are  employed 
and  compared  simultaneously,  and  when  data  comparisons  are  made  with  other  facilities.  Data  outside  the  measurement  uncertainty  bands 
of  comparative  methods  indicates  the  presence  of  an  anomaly,  an  unaudited  or  poorly  estimated  error  source. 

In  this  section,  we  will  review  the  methods  employed  for  examining  facility  reported  values  for  thrust  airflow  and  fuel  flow. 

3.1  Comparison  of  Gross  Thrust 

Gross  thrust  is  the  sum  of  the  exhaust  gas  momentum  and  the  static  pressure  force  across  the  nozzle  exit  plane.  The  actual  thrust 
measured  in  a  test  cell  depends  upon  other  terms  such  as  inlet  flow  momentum,  external  static  pressure  distribution  on  the  engine  structure, 
and  other  forces  acting  on  (he  engine  feat  frame.  The  accurate  derivation  of  gross  thrust  therefore  relies  on  an  accurate  measurement  of 
the  actual  thrust  acting  on  the  test  frame  as  well  as  inlet  airflow  and  velocity,  cell  static  pressure  measurement  and  the  elimination  of,  or 
accounting  for  stray  forces. 

Thera  are  two  types  of  measurement  checks  commonly  used  to  validate  angina  scale-force  thrust:  tailpipe  momentum  checks  and 
nozzle  thrust  coefficient  checks.  The  tailpipe  momentum  check  refers  to  the  comparison  of  scale-force  gross  thrust  with  the  value  of  Qross 
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thrust  computed  from  pressure  and  temperature  traverses  at  the  nozzle  throat  (Ref.  3).  The  nozzle  coefficient  checks  consist  of  comparing 
the  measured  nozzle  thrust  coefficients  with  the  predicted  coefficient  values  from  test  rig  and  model  data. 

The  analysis  used  in  the  UETP  was  to  compare  the  gross  thrust  coefficient  CG8  determined  at  each  facility. 


CGB 


_ Gross  thrust  derived  from  measurement _ 

Isentropic  gross  thrust  for  same  nozzle  area  and  pressure  ratio 


The  isentropic  or  ideal  value  is  a  function  only  of  nozzle  pressure  ratio,  nozzle  area  and  gamma.  CG8  has  a  well  established 
relationship  with  pressure  ratio,  increasing  up  to  a  peak  value  at  a  nozzle  pressure  ratio  of  around  2.5  at  which  point  it  levels  off  and  remains 
constant  over  a  modest  pressure  ratio  range,  i.e.,  until  under-expansion  begins  to  have  a  marked  effect. 

In  Figure  7,  an  envelope  was  drawn  around  the  CG8  plots  derived  for  all  10  test  conditions  at  each  altitude  facility.  Each  envelope 
is  made  up  of  a  series  of  curves,  one  for  each  altitude  condition,  that  departs  from  the  single  curve  for  an  ideal  nozzle.  This  bandwidth  is 
due  to  a  combination  of  engine  related  effects  such  as  Reynolds  number,  swirl  angle,  and  boundary  layers,  and  measurement  errors. 

All  results  in  Figure  7  show  the  typical  nozzle  characteristic  shape  with  choking  pressure  ratios  occurring  above  2.5,  but  NASA  and 
CEPr  have  a  considerably  broader  range  and  higher  maximum  values  than  RAE(P)  and  AEDC. 

The  measurement  of  total  pressure  in  the  nozzle  was  suspected  as  being  the  main  reason  for  this  disparity,  and  in  Sections  17.2  and 

18.2.2  of  Ref.  2,  it  is  shown  that  total  pressure  was  a  function  of  exit  swirl.  This  suspicion  was  confirmed  when  an  alternative  thrust  function, 
defined  below,  was  used  as  the  basis  of  the  comparison;  one  that  is  independent  of  nozzle  total  pressure. 

Fortunately,  the  nozzle  inlet  static  pressure  was  found  to  be  a  more  accurate  measurement  from  which  an  isentropic  value  of  nozzle 
total  pressure  could  be  calculated.  Assuming  an  area  ratio  of  jet  pipe  to  nozzle  exit  area  of  1.7293  and  a  value  of  y  =  1.35,  CG8  was 
recalculated  (as  CG8C)  based  on  the  calculated  value  of  nozzle  total  pressure.  These  results  are  plotted  in  Figure  6.  As  can  be  seen,  this 
not  only  reduces  the  width  of  each  envelope  within  which  the  test  points  are  contained,  but  also  reduces  the  difference  in  the  value  of  CG8C 
at  which  the  envelopes  flatten  out.  CEPr  results  are  1  to  1'/«  per  cent  higher  than  the  mean  of  the  other  three  facilities,  except  for  Test 
Condition  9  where  the  values  are  two  per  cent  lower  than  the  others. 

A  comparison  between  the  altitude  test  results  and  those  from  two  of  the  ground-level  test  beds  is  given  in  Figure  9  using  the  results 
from  Engine  607594.  The  altitude  test  condition  selected  for  this  comparison  is  that  which  corresponded  nearest  to  the  sea-level  static 
condition.  This  again  shows  the  CEPr  altitude  test  cell  to  be  measuring  the  highest  values  of  CG8C  while  the  NRCC  ground-level  bed  gives 
the  lowest,  the  difference  between  them  being  approximately  two  per  cent. 

Differences  of  less  than  one  per  cent  in  CG8C  between  the  various  test  centres  are  judged  to  be  a  good  result,  but  values  greater  than 
this  give  increasing  cause  for  concern.  A  three  per  cent  difference  is  viewed  as  casting  doubt  on  the  validity  of  gross  thrust  derivation.  With 
these  criteria  in  mind,  and  acknowledging  that  there  is  no  absolute  standard  against  which  to  compare,  it  seems  that  RAE(P).  NASA  and 
AEDC  altitude  results  are  in  good  agreement  at  choked  nozzle  conditions  while  CEPr  measure  a  higher  level  of  gross  thrust.  The  ground- 
level  test  bed  at  NRCC  measures  gross  thrust  lower  than  the  altitude  facilities. 

It  has  not  been  possible  to  identify  solely  from  CG8C  parametric  studies  which  of  the  many  measurements  are  the  major  contributors 
to  the  differences.  As  far  as  frame  load  is  concerned,  stray  forces  are  usually  of  a  low  order  and  can  be  calibrated  out  unless  they  result 
from  some  altitude  effect.  Static  pressure  distribution  within  the  test  cell  can  be  important  in  some  facilities  as  subsequent  analysis  using 
data  obtained  from  the  outdoor  test  bed  at  NAPC  has  shown.  The  definition  of  PAMB  Is  a  critical  Hem,  and  as  shown  in  Part  2.2  of  this 
lecture,  the  thrust  accounting  must  refer  to  a  well  defined  upstream  momentum  plane.  In  Ref.  2.  Appendix  VIII,  it  is  shown  that  gross  thrust 
FG  for  the  NRCC  facility  was  low  by  approximately  0.6%  using  the  QTP  equations.  Taking  this  variation  into  account,  the  gross  thrust 
coefficient  for  NRCC  would  fall  on  top  of  the  data  from  RAE(P),  CEPr  (SL)  end  NASA  in  Figure  9. 

3.2  Comparison  of  Airflow 

There  are  several  types  of  measurement  checks  that  may  be  performed  for  engine  airflow:  inlet  duct,  tailpipe,  turbine  nozzle,  and  nozzle 
coefficient  checks. 

Duct  checks  consist  of  comparing  engine  airflow  from  the  facility  primary  airflow  measurement  system  with  calculated  airflow  using 
the  engine  bellmouth  and/or  measurements  at  the  engine  Inlet  (face)  station.  Tailpipe  checks  refer  to  comparison  of  the  primary  airflow 
measurement  value  with  the  value  obtained  using  a  tailpipe  continuity  balance.  Turbine  nozzle  checks  are  based  on  a  comparison  of  the 
high-pressure  turbine  nozzle  flow  function  over  the  engine  operating  envelope.  For  choked  turbine  flow,  the  turbine  nozzle  flow  function 
should  be  relatively  constant,  and  Independent  of  test  condHions.  The  final  check,  nozzle  coefficients,  consists  of  comparing  the  as-tested 
nozzle  discharge  coefficients  with  the  engine  manufacturer's  predicted  values  from  test-rig  and  scale-model  tests. 

In  the  UETP,  facility  airflow.  WA1,  was  compared  using  a  combination  of  these  methods,  and  as  reported  in  Ref.  2,  the  comparison 
methods  were  roughly  grouped  into  tailpipe  momentum/nozzle  coefficients  and  nozzle  flow  functions.  Each  of  these  comparisons  will  be 
discussed  in  turn. 

3.2.1  Exhaust  Nozzle  Flow  Coefficients 

This  comparison  technique  compares  the  facility  airflow,  WA1 ,  to  the  ideal  airflow  calculated  in  the  engine  tailpipe  based  on  measured 
values  of  pressure,  temperature,  fuel  flow  and  area.  A  flow  coefficient,  CD8  was  defined  as: 
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CDS 


Facility  measured  airflow 
Isentroplc  airflow  In  exhaust  nozzle 


In  the  previous  section,  the  reader  was  appraised  of  the  measurement  difficulties  experienced  with  total  pressure  and  temperature  due 
to  inoperative  sensors  and  swirt.  Total  pressure  was  similarly  synthesized  from  measured  static  pressure,  but  unfortunately  the  as-measured 
temperature  had  to  be  used.  This  recomputed  flow  coefficient  was  called  CD8C. 

As  with  CG8C,  a  convergent  nozzle  of  fixed  geometry  produces  a  similar  characteristic  shape  for  CD8C.  Figure  1 0  shows  the  envelope 
of  results  for  all  the  four  altitude  test  facilities  obtained  from  Engine  607594.  RAE(P)  and  AEDC  appear  to  be  in  close  agreement  on  airflow 
measurement  with  NASA  one  per  cent  higher  and  CEPr  a  further  one  per  cent  higher  still. 

A  high  value  of  CD8C  is  consistent  with  a  high  value  of  measured  airflow  and,  because  of  its  influence  on  inlet  momentum,  a  high  value 
of  airflow  leads  to  a  high  value  of  gross  thrust  It  ca  t  be  seen  therefore  that  as  both  CEPr  nozzle  coefficients  are  high,  it  is  most  likely  that 
the  source  of  difference  is  in  the  measurement  of  airflow  rather  than  of  scale  force. 

The  comparisons  between  altitude  and  ground-level  test  beds,  for  Engine  607594  are  given  in  Figure  11.  Compared  to  CG8C,  the 
spread  of  results  is  of  the  same  order,  about  214  per  cent. 

The  previous  comments  about  the  absolute  accuracy  of  nozzle  coefficient  values  at  different  altitude  test  facilities  and  the  reasons  for 
any  variation  are  just  as  true  for  CD8.  It  should  be  remembered  also  that  the  main  aim  of  the  UETP  however,  was  not  to  calibrate  test 
facilities  against  each  other.  The  emphasis  was  to  evaluate  various  methods  of  analysis  which  can  highlight  any  discrepancies  in 
measurements  and  procedures,  to  benefit  future  testing.  On  this  basis,  it  can  be  seen  that  nozzle  coefficients  CDS  and  CG8  do  provide 
a  powerful  means  of  checking  the  validity  of  thrust  and  airflow  measurement.  These  coefficients  are  particularly  useful  if  a  facility  has  tested 
engines  of  a  similar  type  before,  or  if  a  reference  sea-level  test  result  is  available  to  provide  a  datum. 

3.2.2  Turbine  and  Exhaust  Nozzle  Flow  Functions 

Another  technique  for  assessing  the  quality  of  facility  airflow  is  through  the  use  of  nozzle  flow  functions.  As  a  reminder,  each  facility 
measured  airflow,  WA1,  with  a  flow  measuring  system  normally  used  by  that  facility.  The  reference  airflow  at  the  engine  face,  WA2.  was 
deduced  from  basic  pressure,  temperature  and  area  measurements. 

Thus  the  measured  values  of  WA1  and  WA2  are  independent  albeit  using  the  same  data  system,  and  provide  a  good  basis  for 
comparison  of  the  relative  quality  of  the  airflow  data  obtained  at  the  various  facilities. 

In  addition,  other  Independent  comparisons  of  flow  data  cue  possible  because  of  the  unique  behaviour  of  selected  gas  flow  functions 
at  the  first  stage  turbine  nozzle  and  exhaust  nozzle  when  critical  flow  (choked  flow)  exists  at  these  stations.  Tha  flow  function  is  defined 
as: 


K  -  W  -  Constant 
P 


(when  flow  is  choked  and  effective  flow  areas  and  gas  properties  remain  constant) 

The  limited  instrumentation  available  in  the  engines  required  some  approximations  to  compute  the  gas  flow  functions.  To  minimise 
the  effect  of  these  approximations,  the  gas  flow  functions  are  presented  only  for  conditions  when  critical  flow  simultaneously  existed  at  these 
stations. 

3.2. 2.1  Turbine  Nozzle  Flow  Function 

Two  flow  functions  for  the  first  stage  turbine  nozzle  were  defined  as  follows: 

(WAl  *  WF)JT4 
K1  P3~ 

K2  _  (WA2  *  WF)JT4 
P3 


The  use  of  P3  in  these  equations  is  based  on  the  assumption  that  the  combustor  pressure  drop  Is  assumed  to  be  the  same  for  each 
facility  and  test  condition.  The  values  of  WAl ,  WA 2,  WF,  and  P3  were  measured  directly.  The  turbine  temperature  T4  was  calculated  from 
the  combustor  equation  using  the  measured  values  of  T3,  WAl  and  WF.  The  combustor  efficiency  was  assumed  to  be  100  per  cent.  The 
common  value  of  T4  was  used  In  each  of  the  two  flow  functions;  this  has  a  negligible  effect  on  K2. 

These  flow  functions  were  evaluated  over  a  wide  range  of  test  conditions  for  those  data  points  which  satisfied  the  requirement  that 
both  the  first-stage  turbine  nozzle  and  the  exhaust  nozzle  were  choked.  For  this  analysis,  the  exhaust  nozzle  was  considered  choked  for 
those  data  points  In  which  P7QAMB  was  greater  than  2,4.  Cycle  analysis  confirmed  that  the  turbine  nozzle  was  chokad  whenever  the 
exhaust  nozzle  was  choked.  The  complete  evaluation  was  performed  only  for  data  obtained  with  Engine  607594. 

The  mean  valuee  of  K1  and  K2  at  Test  Conditions  6,  7,  8,  9  and  10  art  shown  in  Figure  12. 
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3.2.2.2  Exhaust  Nozzle  Flow  Function 

One  flow  function  for  the  exhaust  nozzle  was  defined  as  follows: 

PS7 


where  WA1 ,  WF,  T7  and  PS7  were  measured  directly. 

This  flow  function  was  evaluated  for  most  of  the  test  conditions  used  when  determining  K1  and  K2.  Again,  KES  was  evaluated  only 
for  those  data  points  for  which  P7QAMB  was  greater  than  2.4.  The  mean  values  of  KES  for  the  selected  test  conditions  are  also  shown  in 
Figure  12. 

3.2.2.3  Data  Analysis  •  Area,  Pressure  and  Temperature 

Variations  in  the  values  of  the  flow  functions  K1 ,  K2  and  KES  as  a  function  of  test  facility  and/or  test  condition  could  be  the  result  of 
real  changes  in  the  values  of  the  flow  functions  and/or  of  measurement  errors  in  the  individual  parameters  (W,  P  and  T)  which  enter  into 
the  calculations.  The  mean  values  of  the  flow  functions  for  each  test  facility  were  arranged  in  order  of  testing  so  that  engine  operating  time 
increased  from  left  to  right  (Figure  12). 

An  initial  examination  of  the  flow  functions  was  made  to  determine  H  there  were  long-term  changes  which  occurred  as  a  result  of 
mechanical  or  aerodynamic  changes  in  either  the  first  stage  turbine  stator  or  the  exhaust  nozzle.  Examples  of  potential  changes  include 
erosion,  bowing  and  bending,  which  could  affect  the  flow  area,  the  flow  coefficients,  or  the  leakage  paths.  Physical  inspection  and 
measurement  of  the  exhaust  nozzle  was  possible  and  was  carried  out,  but  no  change  was  evident.  Physical  inspection  and  measurement 
of  the  turbine  stator  was  not  possible  because  the  engines  were  not  disassembled. 

To  assess  the  condition  of  the  turbine  stator  at  the  beginning  and  end  of  the  UETP,  a  comparison  was  made  of  the  values  of  K1  and 
K2  for  NASA  (FE)  and  NASA  (SE)  at  Test  Conditions  6  and  9.  These  data  confirm  that  there  was  no  significant  change  in  the  aerodynamic 
characteristics  of  the  first  stage  turbine  stator  and  associated  instrumentation  from  the  beginning  to  the  end  of  the  UETP.  A  decrease  in 
the  exhaust  nozzle  flow  function  KES  of  about  two  per  cent  between  NASA  (FE)  and  NASA  (SE)  is  shown  in  Figure  12.  Since  there  was  no 
physical  change  to  the  nozzle,  it  is  reasoned  that  the  change  in  KES  resulted  from  differences  in  the  flow  parameter  measurements. 

The  design  of  the  UETP  and  the  analysis  method  chosen  make  possible  an  Independent  examination  of  two  groups  of  parameters 
(WA  +  WF)  and  /T/P.  The  Individual  effects  of  P  and  T  were  not  examined.  Analysis  of  the  consistency  of  the  /T/P  group  Is  possible 
by  comparing  K1  and  KES  at  the  various  test  facilities  and  test  conditions.  This  oom  pari  son  is  significant  because  identical  values  of  (WA 
+  WF)  appear  in  each  pair  (K1  and  KES)  of  flow  functions  and  independent  values  of  P  and  T  appear  in  each  flow  function.  As  can  be  seen 
in  Figure  12,  the  difference  of  levels  of  K1  among  test  facilities  is  essentially  the  same  as  the  difference  of  levels  of  KES.  For  example,  the 
values  of  Kt  and  KES  from  RAE  and  AEOC  are  similar  and  both  are  about  one  per  cent  lower  than  NASA  (FE).  The  only  significant 
exception  to  this  result  is  the  values  of  KES  for  NASA  (SE),  as  was  discussed  above. 

Based  on  this  analysis,  the  accuracy  of  the  measurements  of  /T/P  in  all  facilities  made  an  insignificant  contribution  to  the  observed 
variation  in  flow  functions. 

3.2.2.4  Data  Analysis  -  Airflow 

The  previous  analysis  has  just  demonstrated  that  1)  changes  in  turbine  stator  and  exhaust  nozzle  area  and  2)  measurement  uncertainty 
of  /T/P  to  observed  variations  of  K1  and  KES  were  insignificant  Thus  essentially  all  the  observed  variations  in  these  flow  functions  result 
from  variation  In  the  measured  values  of  (WA1  +  WF).  Further,  because  the  only  difference  between  K1  and  K2  is  the  substitution  of  WA2 
for  WA1 ,  direct  evaluation  of  the  consistency  of  these  two  measurements  is  possible.  Fortunately,  the  contribution  of  WF  to  the  quantity  (WA 
+  WF)  is  very  small  (generally  less  than  two  per  cent).  Therefore,  tor  purposes  of  this  analysis,  variations  in  K1  and  K2  can  ba  assumed 
to  reflect  directly  the  variation  in  the  measurement  of  WA1  and  WA2. 

In  the  cat#  of  the  ground-level  facilities  the  values  for  K1  and  K2,  hence  WA1  and  WA2,  agreed  to  within  2.0  per  cent  at  NRCC  and 

1 .3  per  cent  at  CEPr.  However,  at  NRCC  the  value  of  WA2  wee  greater  than  WA1 .  This  was  due  to  e  known  airflow  measurement  problem 
which  resulted  in  K1  being  about  1.0  ♦  1.5  per  cent  low.  At  CEPr,  the  value  of  WA2  was  less  than  WAl.  For  the  equivalent  sea-level 
condition  at  AEOC  the  values  of  WAl  end  WA2  agreed  to  less  than  0.5  per  cent  and  WA2  waa  the  larger. 

The  analysis  confirmed  that  the  measured  values  of  WAl  at  RAE(P)  and  AEOC  were  very  nearly  identical  and  were  about  1 .0  per  cent 
lower  than  the  values  measured  at  NASA.  The  values  measured  at  CEPr  were  generally  slightly  higher  than  NASA  although  at  Test  Condition 
9  the  CEPr  value  was  the  seme  ee  at  RAE(P)  and  AEOC.  The  values  of  K2  for  Test  Condition  11  from  NRCC,  CEPr  end  AEOC  ere  not 
included  >n  this  comparison  because  they  do  not  satisfy  the  condition  of  simultaneous  choking  of  the  turbine  stator  and  the  exhaust  nozzle. 

3.2.3  Furi  Flow  MMSuromont 

Fuel  flow  comparison  techniques  are  generally  limited  to  comparison  against  angina  meters,  pressure  drop  characteristics  across  fuel 
injectors,  and  bumar  efficiency.  In  the  UETP,  fuel  flow  was  analyzed  by  first  oompering  the  f scllity  measured  fuel  flow  with  theft  measured 
by  the  reference  meters  on  the  engine.  8econd>  to  assess  any  possible  Meets  In  lower  heating  value  end  relative  density,  the  values 
determined  end  used  by  each  faoiWy  were  compered  with  those  obtained  at  a  common  reference  facility.  Finally,  facility  measured  fuel  flow 
wee  evaluated  against  Independent  engine  parameters. 

Subsequent  to  the  analysis  for  ths  UETP,  an  analysis  of  fuel  calibrators  was  carried  out  under  the  auspices  of  the  National  Institute 
of  Standard*  and  Technology  (NIST),  formally  N8S,  In  which  NRCC  waa  on#  of  the  participants.  A  summary  of  these  results  wifi  also  be 
included. 
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3.2.3.1  Data  Quality 

Fuel  flow  data  were  compared  between  the  facility  and  the  reference  (engine)  systems.  AEDC  showed  excellent  agreement  between 
facility  and  rafaranca  data  under  virtually  ail  test  conditions,  i.e.,  differences  did  not  exceed  ±0.5  per  cent  (Table  2). 

The  NASA  data  presented  conflicting  pictures  in  that  during  the  first  entry  (FE)  there  was  very  good  agreement,  comparable  to  AEDC, 
while  the  second  entry  (SE)  data  were  characterised  by  considerable  scatter.  This  scatter,  traced  by  NASA  to  facility  problems,  ranged 
between  ±3.5  per  cent,  exceeding  the  maximum  declared  uncertainty  for  fuel  flow  of  ±t.7  per  cent  (Test  Condition  9). 

RAE(P)  declared  its  WFER  values  as  invalid  because  of  fuel  temperature  measurement  problems  and  therefore  a  comparison  between 
the  two  fuel  flow  measuring  systems  was  not  made.  Any  assessment  in  this  report  will  be  restricted  to  facility  flow  measurements. 

The  CEPr  data  were  perhaps  the  least  consistent  Differences  ranged  from  very  good  (Engine  607594  Test  Conditions  1,  3,  6,  10), 
0  to  -0.8  per  cent  to  very  large  at  Test  Condition  9. 

Data  from  NRCC  displayed  very  good  agreement  for  the  two  fuel  flow  measurements,  l.e.,  0.6  to  0.8  per  cent  sea-level  static  tests  only. 

The  TUAF  tests  used  only  the  engine  fuel  flow  measuring  system,  so  no  comparisons  ware  possible. 

As  a  result  of  the  above  study  and  from  participants'  indications,  all  or  part  of  the  following  data  were  suspect:  RAE(P),  all  WFE;  NASA 
(SE),  Engine  607594,  possibly  both  fuel  measuring  systems;  CEPr,  fuel  flow  measurements  at  Test  Condition  9  measurements. 

3.2.3.2  Examination  of  Differences  In  Fuel  Analysis  Between  Facilities  and  NRCC 

The  fuels  used  by  the  program  participants  were  analyzed  by  each  facility  to  obtain  the  properties  needed  for  fuel  flow  calculations. 
In  addition,  samples  were  sent  to  NRCC  for  an  independent  analysis.  Of  primary  importance  were  specific  gravity  (relative  density)  and 
lower  heating  value  (net  heat  of  combustion).  Since  both  appear  as  direct  multipliers  in  the  fuel  flow  calculation,  differences  were  combined 
to  indicate  the  total  effect  they  might  have  on  the  calculation.  The  resultant  differences  were  small  and  ranged  from  0.04  to  0.35  per  cent 
(Appendix  Vlf)  of  Ref.  2.  When  refarancad  to  the  one  per  cant  combined  reproducibility,  a  measure  of  precision  for  the  methods  used  by 
NRCC  in  the  analysis,  these  differences  are  not  significant. 

3.2. 3. 3  Evaluation  of  Fuel  Flow  Meaaurement  and  Engine  Performance 

Subject  to  the  above-mentioned  reservations  about  some  of  the  data,  comparisons  of  fuel  flow  and  engine  performance  were  made 
for  the  participating  facilities.  Significant  differences  could  appear  depending  on  the  basis  for  comparison.  Small  shifts  in  NHR  at  a  given 
nozzfe  pressure  ratio,  attributed  to  engine  rematching  or  facility  effects,  suggest  that  nozzle  pressure  ratio  should  be  favoured  as  a  basis 
of  comparison. 

For  Engine  607594,  plots  of  facility  measured  fuel  flow  (WFR)  against  nozzle  pressure  ratio  (PS7QAMB)  at  each  test  condition  show 
overall  spreads  of  between  two  and  three  per  cent  at  altitude  test  conditions,  and  three  pe  cent  at  SLS  conditions  (Figures  TS-t  and  f5-2 
in  Ref.  2).  With  declared  uncertainties  of  1 .0  to  1 .5  per  cent,  the  spread  In  the  data  Indicates  agreement,  l.e..  ±  1 .5  per  cent  about  a  mean 
value.  Outlier  curves  of  NASA  (SE)  at  some  altitude  tests,  and  CEPr  at  SLS  conditions,  were  disregarded  because  of  previously  identified 
problems. 

Plots  of  WFR  against  high  rotor  speed  (NHR)  showed  that  with  the  exception  of  CEPr,  the  spread  of  attitude  test  curves  of  Engine 
607594  was  betwsen  two  and  three  per  cent  CEPr  curves  were  consistently  lower  than  the  mean  of  the  others  and  were  not  considered. 
At  SLS  conditions,  excellent  agreement  existed  between  NRCC  and  AEDC;  the  CEPr  curve  was  again  low.  Figure  13  is  a  typical  example. 

In  conclusion,  discounting  known  measurement  errors,  comparison  among  all  facilities  for  fuel  flow  showed  spreads  of  ±1.0  -  1.5% 
about  a  mean  value.  Falling  within  the  declared  uncertainties,  this  agreement  was  judged  to  be  very  good. 

3.2.3.4  Calibration  Facility  Comparl8on 

Although  not  directly  related  to  the  specific  participants  in  the  UETP,  the  question  of  treceability  to  National  Standards  of  fuel  calibration 
facilities  must  be  addressed.  Eech  test  facility  has  access  to  a  calibration  laboratory  for  fuel  meters,  which  generally  fall  into  two  classes, 
volume  and  mass  devices.  Procedures  sre  defined  in  their  use  to  ensure  that  the  specified  accuracy  Is  maintained.  At  the  NRCC,  a  careful 
calibration  of  the  volume  type  ballistic  flow  calibrator  against  Canadian  Standards  produced  a  calibration  factor  (K)  that  agreed  within 
0.0016%  of  the  original  one  provided  by  the  manufacturer. 

In  fall  of  1967,  an  opportunity  arose  to  participate  in  a  round  robin  flow  meaaurament  testing  program,  conducted  by  the  National 
Institute  of  Standards  and  Technology  (NIST),  formerly  NBS.  The  program  was  initiated  by  the  US  Department  of  Defense,  with  some 
participation  from  industry  and  other  agencies.  NRCC  was  the  only  non-US  participant  Without  going  into  detail,  the  test  results  contained 
two  major  surprises.  The  bias  differences,  among  participating  facilities,  ranged  over  0.6%  (Ref.  6).  All  calibrators  were  of  the  highest 
integrity,  secondary  In  the  traceability  chain  only  to  NIST.  A  spread  of  perhaps  0.3%  (±0.15%)  was  generally  expected.  The  other  discovery 
was  even  more  startling.  On  inspection,  it  was  noted  that  test  points  from  celibreting  devices  based  on  mass  establishment  (“weighers*) 
and  those  based  on  volume  flow  determination  (“volume r**)  formed  distinct  Mends  among  themselves,  see  Figure  1 4.  This  plot  was  derived 
from  the  NIST  report  and  gives  the  results  of  one  teat  configuration  in  simplified  form.  Even  though  each  group  had  an  outlier,  the  pattern 
was  too  conspicuous  to  be  disregarded.  No  explanation  has  been  found  yet  for  t hi*  phenomenon.  Should  a  fundamental  Wat  of  this 
magnitude  exist  between  these  two  widely-used  flowmeter  calibrator  ay  stems,  it  would  seriously  compromise  measurements  from  meters 
calibrated  through  them. 
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4  ENGINE  'REMATCHING* 

4.1  Introduction 

The  intention  of  the  UETP  w as  to  provide  an  'identical*  teat  article  to  each  test  facility  that  would  operate  in  a  respectable  consistent 
fashion  throughout  the  round-robin.  Although  the  engine  and  procedures  were  chosen  to  minimize  time  dependent  performance  variations 
or  rematching,  it  had  to  be  accepted  that  variations  were  possible  over  the  long  test  program.  Additional  studies  were  also  conducted  to 
ensure  that  any  apparent  'rematching*  was  not  the  result  of  facility  influences,  such  as: 

1 .  non-uniform  inlet  flow  conditions  and  boundary  layer  thickness 

2.  secondary  How  effects 

3.  cell  heating  and  flow  recirculation 

4.  instrument  sampling  rates 

All  these  effects  were  encountered  in  one  form  or  another  and  attempts  were  made  to  quantify  them,  using  back-to-back  tests  or  special 
studies.  The  effect  of  long  term  performance  retention  is  more  subtle,  as  real  changes  had  to  be  extracted  from  facility  effects  and 
measurement  errors.  The  program  was  planned  and  the  test  vehicle  chosen  to  minimize  any  changes  of  engine  performance  with  time, 
but  nevertheless,  procedures  were  adapted  to  quantify  them.  They  were: 

1.  book-keeping  engine  performance  changes  that  occurred  at  each  test  facility 

2.  conducting  the  first  and  last  engine  tests  in  the  same  test  facility  and  measuring  the  overall  change  in  engine  performance 

3.  monitoring  data  from  the  engine  internal  instrumentation  throughout  the  test  program 

Item  1  was  accomplished  by  having  each  facility  conduct  a  repeat  test  at  the  completion  of  testing  at  the  same  conditions  as  were  used 
at  the  start  of  its  test  program.  The  resufts  of  using  this  approach,  however,  were  not  conclusive.  The  difficulty  was  that  the  measured 
engine  performance  changes  for  the  relatively  short  engine  time  involved  appeared  to  be  much  smaller  than  the  day-to-day  random  error 
values  of  the  facility  measurement  system.  As  a  result,  it  was  not  possible  to  discern  consistent  short  term  changes  in  the  engine 
performance  parameters. 

Item  2  consisted  of  returning  the  engines  to  those  facilities  which  first  tested  the  engines,  NASA  for  the  altitude  and  NRCC  for  the 
ground-level  tests.  Re-testing  at  NRCC  also  included  an  engine  water  wash  test  to  examine  the  effects  of  possible  compressor  fouling  on 
engine  pe.formance.  As  was  the  case  for  Item  1  the  determination  of  changes  in  engine  performance  was  not  entirely  successful.  The 
difficulty  was  that  during  the  long  elapsed  times  between  the  initial  and  repeat  tests  (4  years  for  the  NASA  tests  and  3  years  for  the  NRCC 
tests),  facility  equipment  measurement  systems  and  procedure  changes  had  taken  place  which  resulted  in  changes  to  measured  values 
which  could  not  be  distinguished  from  the  measured  engine  performance  changes.  However,  this  was  not  the  case  for  the  water  wash  tests 
which  were  accomplished  on  a  back-to-back  basia  using  identical  facility  hardware,  measurement  systems  and  procedures. 

A  further  complication  at  NRCC,  was  that  the  repeal  tests  were  conducted  at  inlet  temperatures  considerably  different  from  the  first 
entry,  the  effects  of  which  added  a  further  0.5%  uncertainty  In  fuel  flow  and  thrust  (sea  Section  2.3). 

The  approach  that  provided  the  most  consistent  results  was  the  monitoring  of  the  engine  internal  Instrumentation  (Item  3).  This 
consisted  of  using  internal  engine  Instrumentation  to  estimate  changes  with  time  in  engine  airflow,  engine  pressure/temperature  ratios  and 
engine  thrust,  along  with  the  use  of  the  engine  fuel  flow  meter  to  estimate  changes  in  engine  specific  fuel  consumption.  Considerable  detail 
is  given  in  Section  1 1  of  Ref.  2,  but  the  highlights  will  be  outlined  in  this  lecture. 

4.2  Performance  Retention  Analysis  Methodology 

The  analytic  procedure  for  monitoring  time-dependent  performance  changes  was  based  on  six  criteria: 

1.  use  data  from  identical  engine  configurations 

2.  use  data  from  Identical  Instrumentation  sensor  configurations  to  minimize  bias  errors 

3.  use  data  with  minimum  precision  error 

4.  use  identical  data  calculation  methods 

5.  use  Indicators  representative  of  engine  performance 

6.  present  engine  performance  parameters  in  a  manner  that  quantifies  an  engine  change  with  operating  time 

Selection  of  the  engine  tested  at  all  altitude  facilities,  having  a  larger  database  and  longer  running  hours,  satisfied  criterion  1 .  Engine 
(reference)  instrumentation  sensors,  eight  in  total,  war#  only  usad,  satisfying  critsrion  2.  Criterion  3  was  satisfied  by  only  using  data  with 
the  engine  nozzle  choked  (P7QAA4B  >  2.4),  minimizing  ambient  effects.  Two  test  conditions  and  two  engine  power  settings  were  chosen 
(NLR  -  constant).  The  use  of  UETP  standard  equations  satisfied  criterion  4.  Engine  performance  indicators  (criterion  5)  were  a  mix  of 
directly  measured  parameters  and  those  calculated  from  them.  Direct  measurements  were  available  for: 

1.  rotor  speed  ratio  (NLQNH) 

2.  engine  airflow  (WA2R) 

3.  engine  fuel  /low  (WFER) 

4.  engine  temperature  rath  (7502) 

5.  angina  pressure  nth  (PS 02) 

Calculated  parameters  were: 

1.  gross  thrust  (FQ) 

2.  turbine  Inlet  temperature  (T4) 

3.  specific  fuel  consumption  (SPC) 

ell  for  s  constant  value  of  low  rotor  speed  (NLR) 


4-10 


Gross  thrust  (FG)  had  to  be  calculated  from  WA 2,  WFE,  T5  and  P5  assuming  a  convergent  choked  nozzle  and  a  fixed  value  for  nozzle 
thrust  coefficient.  Turbine  inlet  temperature  (T4)  was  calculated  assuming  choked  turbine  nozzle  flow  and  fixed  values  for  combustor 
efficiency  and  flow  area. 

Selected  engine  performance  indicators  from  each  facility  were  evaluated  in  terms  of  percentage  change  from  a  common  reference, 
NASA  (FE)  test  results. 


%  difference  - 


Test  Facility  -  NASA  (FE)  10fW 
NASA  (FE) 


The  differences  were  plotted  as  a  function  of  accumulated  engine  time  (criterion  6),  using  the  mid-point  of  facility  reported  engine  time 
(or  the  evaluation. 

4.3  Data  Analysis 

Each  performance  parameter  was  plotted  using  as  measured  data  for  two  test  conditions  and  two  values  of  NLR.  The  shaded  lines 
in  the  figures  indicate  the  assessed  trends,  the  width  reflecting  the  magnitude  of  the  uncertainty  estimates.  All  eight  parameters  are  listed 
in  Ref.  2,  but  only  two,  NLQNH  and  SFC  are  included  here  for  illustrative  purposes. 

Speed  ratio,  Figure  15,  shows  an  overall  decrease  of  about  0.3%  with  engine  time,  and  while  not  monotonic,  the  shape  is  well  defined. 
Airflow  variation  (not  shown  here),  WA2R,  follows  the  same  trend  as  the  speed  ratio  data.  The  roll-off  in  speed  ratio  is  accompanied  by  an 
overall  decrease  of  0.4%  in  engine  airflow. 

Gross  thrust  specific  fuel  consumption  (SFC),  Figure  16,  and  combustor  temperature  (T 4}  both  indicate  an  increase  with  time,  and  are 
consistent  with  each  other.  While  the  uncertainty  band  in  SFC  is  quite  large,  nevertheless  a  trend  is  visible.  The  overall  increase  in  SFC 
is  about  0.6%,  while  T4  rose  between  8-16  K. 

In  general,  since  the  analysis  had  to  be  based  on  limited  data  which  exhibited  appreciable  scatter  it  was  difficult  to  quantity  the  extent 
of  any  deterioration  that  may  have  occurred.  It  was  concluded  that  engine  performance  remained  essentially  constant  from  beginning  to 
end  of  the  UETP,  as  shown  below: 

Rotor  Speed  Ratio: 

Airflow: 

Fuel  Flow: 

Thrust: 

Specific  Fuel  Consumption 
Combustor  Temperature: 

4.4  Engine  Water  Wash 

NRCC  performed  a  water  wash  on  Engine  607594  in  order  to  evaluate  the  effect  of  compressor  fouling  on  engine  performance. 
Washing  was  qualitatively  assessed  as  95  per  cent  effective  for  the  low  pressure  compressor  with  some  deposit  left  near  the  rotor  blade  tips. 
Retesting  after  the  water  wash  disclosed  no  significant  effect  on  engine  performance  for  fuel  flow,  SFC,  thrust,  engine  or  compressor 
characteristics  (T5/T2  vs.  P5/T2,  T3/T2  vs.  P3/P2)  when  compared  to  the  NRCC  facility  measurement  repeatability  (0.1  to  0.3  per  cent). 
Component  degradation  recoverable  by  water  wash  was  concluded  to  be  a  maximum  of  0.1  per  cent  in  rotor  speed  and  0.5  per  cent  in 
airflow. 

CONCLUDING  REMARKS 

This  lecture  has  shown  some  of  the  differences  between  the  ground-level  test  beds  and  attitude  facilities,  especially  in  the  method  of 
thrust  accounting.  The  use  of  flow  coefficients  is  a  powerful  tool  to  ensure  consistency  of  facility  thrust  and  airflow,  and  can  effectively  be 
used  for  inter-facility  comparison  providing  choked  nozzle  conditions  exist.  Careful  planning  for  monitoring  performance  retention  is  essential 
as  engine  deterioration  could  compromise  the  sought-after  facility  effects. 
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Figure  1  Engine  test  cell  arrangements 


Figure  2  Comparison  of  Inlet  end  exhaust 
geometries  ■  ground-level  beds 


Figure  3  Comparison  of  Inlet  and  exhaust 
geometries  -  attitude  cells 
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Figure  7  Qroee  thrust  coefficient  envelope*  for  ell  facilities  (engine  607594) 


Gross  thrust  coefficient  CG8C  Gross  thrust  coefficient  CG8C 
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10  Revised  discharge  coefficient  envelopes  for  all  altitude  facilities  (engine  607594) 


Figure  1 1  Revised  discharge  coefficient  Altitude  cells  and  ground-level  beds  (engine  607594) 
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Flgura  13  Fual  flow  eomparlaon  baaad  on  high  rotor  apaad  (TC3  -  807594) 


ANLQNH.  PERCENT  CHANGE  FROM  NASA  <FE)  OATA 


ASFC,  PERCENT  CHANGE  FROM  NASA  (FE)  DATA 


Figure  16  Gross  thrust  specific  fuel  consumption  change  ss  a  function  ot  engine  operating  time 
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SUMMARY 

The  steady-state  performance  of  the  J57-PW-19W  engine  as  measured  in  four  attitude  test  facilities  located  at 
NASA  (Lewis),  AEDC,  RAE(P),  and  CEPr  was  compared  and  analyzed  at  each  of  ten  simulated  flight  conditions.  All 
of  the  performance  comparisons  were  based  on  six  pairs  of  fundamentally  related  parameters,  which  included 
combinations  of  engine  rotor  speeds,  temperature  ratio,  pressure  ratio,  airflow,  fuel  flow,  net  thrust,  and  specific 
fuel  consumption. 

Two  different  methods  were  used  to  make  the  facility  comparisons.  First,  the  facility  performance  was 
compared  using  all  engine  data  over  the  full  range  of  test  conditions  and  power  settings  tested.  The  comparison 
between  the  four  altitude  facilities  was  based  on  the  fraction  of  test  data  which  are  within  a  2-percent  band,  i.e.,  ± 

1  percent  of  the  mean  performance  curves  at  each  of  the  ten  environmental  test  conditions.  Second,  facility 
performance  was  compared  using  the  overall  percentage  spread  of  the  characteristic  curves  tit  to  the  six  pairs  of 
key  engine  performance  parameters  for  all  of  the  simulated  flight  conditions  at  one  engine  power  setting. 

Facility  comparisons  based  on  the  first  method  showed  approximately  90  percent  or  more  of  all  the  data  was 
within  a  2-percent  bandwidth  for  four  of  the  six  parameter  sets,  i.e.,  engine  speed  ratio,  engine  temperature  ratio, 
airflow,  and  specific  fuel  consumption.  Only  about  65  percent  of  the  tuel  flow  and  net  thrust  data  was  within  the  2- 
percent  band.  The  fuel  flow  and  thrust  data  from  CEPr  were  significantly  different  from  the  other  three  test  facilities 
and  contained  confirmed  anomalies.  Omitting  the  CEPr  data  Tor  these  two  parameters  increased  the  fraction  of 
data  points  within  the  2-percent  band  to  85  percent  for  fuel  flow  and  92  percent  for  net  thrust. 

The  ranges  of  overall  engine  performance  spreads  based  on  the  second  method  are  shown  below  for  three 
of  the  key  pairs  of  engine  performance  parameters.  The  differences  were  evaluated  at  approximately  the  mid-thrust 
level  of  the  engine  power  range  at  each  of  the  test  conditions. 


Engine 

Parameter 

Independent 

Variable 

Interfacility 
Spread 
(Max  - 
Min.)  % 

Net  Thrust 

Engine 

Pressure  Ratio 

3.4  -  5.4 
(0.3  -  3.3)‘ 

Specific  Fuel 
Consumption 

Net  Thrust 

0.9  -  2.4 
(0.9  -  2.4)" 

Airflow 

Low  Rotor 
Speed 

1.3  -  3.6 
(1 .3  -  2.9)* 

The  values  in  parenthesis  show  the  spread 
excluding  the  CEPr  results,  which  contained 
confirmed  anomalies. 


Extensive  and  in-depth  analyses  of  all  of  the  observed  interfacility  differences  were  performed.  These 
analyses  identified  five  primary  factors  which  contributed  to  these  interfacility  differences  as  follows:  thermal 
nonequilibrium  of  the  engine,  differences  in  measurement  systems  hardware  and  software,  unreliable 
measurements  of  nozzle  inlet  total  pressure,  inlet  flow  distortion,  and  long-term  performance  non-repeatability 
within  the  engine  During  the  planning  tor  the  UETP,  it  was  anticipated  that  different  levels  of  engine  inlet 
turbulence  and  variations  of  the  magnitude  of  boattail  force,  i.e.,  force  acting  on  the  external  surface  of  the  engine 
exhaust,  could  significantly  affect  the  performance  measurements  in  the  altitude  facilities.  With  the  limited  inlet 
turbulence  data  obtained,  it  was  not  possible  to  determine  if  lurbulence  did  or  did  not  affect  measured 
performance  On  the  other  hand,  the  substantial  amounts  of  boattail  force  data  which  were  obtained  showed  that 
the  'evels  of  boattail  force  tor  the  several  UETP  test  installations  were  insignificant  when  compared  to  net  thrust. 


LIST  OF  SYMBOLS 


AEDC  Arnold  Engineering  Development  Center 

CEPr  Centre  d’Essais  des  Propulseurs 

FNFtD  Net  Thrust  Corrected  to  Specified  Conditions 

1C  Influence  Coefficient 

NASA  National  Aeronautics  and  Space  Administration 

NHRD  High-Pressure  Compressor  Rotor  Speed  Corrected  to  Specified  Conditions,  rpm 

NLQNH  Ratio  of  Low  Pressure  Compressor  to  High  Pressure  Compressor  Rotor  Speed 

NLRD  Low-Pressure  Compressor  Rotor  Speed  Corrected  to  Specified  Conditions,  rpm 

NRCC  National  Ftesearch  Council  of  Canada 

P2  Engine  Inlet  Total  Pressure,  kPa 

P7  Exhaust  Nozzle  Inlet  Total  Press.,  kPa 

P7Q2  Ratio  of  Exhaust  Nozzle  Inlet  to  Engine  Inlet  Total  Pressure 

FtAE(P)  Royal  Aerospace  Establishment  Pyestock 
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RPR  Ram  Pressure  Ratio 

SFCRD  Specific  Fuel  Consumption  Corrected  to  Specified  Conditions,  g/kN-sec 
TC  Test  Condition 

T2  Engine  Inlet  Total  Temperature,  K 

T7Q2  Ratio  of  Exhaust  Nozzle  Inlet  to  Engine  Inlet  Total  Temperature 
UETP  AGARD-PEP  Uniform  Engine  Test  Program 

WAIRD  Facility  Airflow  Rate  Corrected  to  Specified  Conditions,  kg/sec 
WFERD  Referee  Fuel  Mass  Flow  Rate  Corrected  to  Specified  Conditions,  g/sec 
WFRD  Facility  Fuel  Mass  Flow  Rate  Corrected  to  Specified  Conditions  g/sec 


1.0  INTRODUCTION 

One  of  the  basic  objectives  of  the  AGARD  Uniform  Engine  Test  Program  was  to  identify,  analyze,  and 
interpret  facility-to-facility  differences  in  steady-state  engine  performance  as  measured  in  four  different  attitude  test 
facilities  within  the  NATO  countries.  The  test  facilities  are:  Test  Cell  PSL3  at  NASA  (Lewis),  Test  Cell  T-2  at  AEDC, 
Altitude  Cell  3  at  RAE(P),  and  Altitude  Test  Cell  R-6  at  CEPr. 

Six  sets  of  engine  performance  parameters  were  selected  to  assess  the  differences  in  the  performance  of 
the  lour  facilities.  The  selected  parameter  sets  are: 


NLQNH  vs  NHRD 

WAIRD  vs  NLRD 

FNRD  VS  P7Q2 

T7Q2  vs  P7Q2 

WFRD  vs  NHRD 

SFCRD  vs  FNRD 

All  comparisons  of  the  performance  of  the  altitude  test  facilities  are  based  on  data  from  only  one  J57-PW- 
19W  engine  (serial  no.  P607594).  Although  both  engines  were  tested  at  NASA  (Lewis)  and  AEOC,  the  second 
engine  was  not  tested  in  the  altitude  test  facilities  at  RAE(P)  or  CEPr. 

Engine  tests  were  conducted  at  ten  different  sets  of  environmental  conditions.  These  test  conditions  included 
tour  different  inlet  temperatures  (253,  268,  288,  and  308  K)  at  constant  inlet  pressure  (82.7  kPa)  and  ram  ratio 
(1.00);  tour  different  inlet  pressure  conditions  (82.7,  51.7,  34.7,  and  20.7  kPa)  at  constant  inlet  temperature  (288  K) 
and  ram  ratio  (1.30);  and  four  different  ram  ratio  conditions  (1.00,  1.06,  1.30,  and  1.70)  at  constant  inlet 
temperature  (288  K)  and  inlet  pressure  (82.7  kPa). 

The  facility-to-tacility  differences  in  the  six  sets  of  engine  performance  parameters  are  addressed.  Indicated 
differences  in  engine  performance  are  a  manifestation  of  differences  in  facility  performance  and  are  a  summation 
of  differences  in  five  categories,  i.e.,  test  environment,  test  installation,  test  operation,  test  measurement,  and  the 
engine  performance  at  each  of  the  altitude  test  facilities. 

Factors  included  in  the  test  environment  which  could  aflecl  engine  performance  and.  hence,  facility 
performance  are  air  quality  parameters,  e.g.,  specific  humidity  and  fuel  properties.  Factors  in  the  test  installation 
which  could  affect  engine  performance  include  the  pressure  and  temperature  profiles  at  the  facility/engine  inlet  and 
engine  exit'facility  interfaces.  Factors  in  test  operations  which  could  affect  engine  performance  include  the  time 
allowed  after  the  specified  test  conditions  are  established  for  the  engine  to  stabilize  and  reach  thermal  equilibrium. 
Factors  in  test  measurement  which  could  affect  engine  performance  include  the  bias  and  precision  errors  of  the 
individual  measuring  systems.  Finally,  the  short-term  (day-to-day)  and  long-term  (duration  of  the  UETP) 
repeatability  of  the  engine  performance  itself  would  also  affect  the  observed  differences  in  measured  engine 
performance  between  the  facilities. 

The  data  from  all  facilities  is  compared  in  two  very  different  ways.  First,  the  population  distribution  of  all  data 
values  was  analyzed  over  the  entire  range  of  engine  power  settings  to  determine  the  fraction  of  the  values  which 
are  within  a  2-percent  band,  i.e.,  1 1  percent  of  the  mean  performance  curve.  Second,  the  overall  spreads  of  the 
engine  performance  parameters  for  all  of  the  simulated  flight  conditions  at  one  engine  power  setting  were 
determined. 

All  of  the  attitude  test  data  were  processed  in  accord  with  the  General  Test  Plan  (Ref.  1).  The  engine 
performance  data  were  corrected  (referred)  to  the  specified  environmental  test  conditions  to  remove  the  effect  of 
small  differences  between  the  as-tested  inlet  pressure,  inlet  temperature,  and  ram  ratio  and  the  specified 
environmental  test  conditions.  The  UETP  General  Test  Plan  (Ref.  1)  specified  repeat  data  scans  be  obtained  at 
each  test  condition  in  the  test  matrix.  These  repeat  data  scans  were  obtained  at  NASA  (Lewis),  AEDC,  and  CEPr. 
In  general,  the  repeat  data  scans  were  not  obtained  at  RAE(P).  Specifically,  repeat  data  scans  were  obtained  at 
RAE(P)  at  only  two  of  the  ten  test  conditions  (conditions  4  and  9  -  Section  6.2,  Ret.  2). 

In  subsequent  sections  of  the  lecture,  the  facility-to-facility  differences  lor  each  of  the  engine  performance 
parameter  sets  are  examined.  Then,  the  effects  of  individual  factors  on  the  interfacility  differences  are  examined. 
Finally,  the  interfacility  differences  are  summarized,  and  the  primary  factors  which  lead  to  these  differences  are 
identified. 

All  of  the  material  presented  in  this  lecture  is  taken  from  sections  9,  11,  12,  14,  15,  17,  and  18  of  Ref.  2. 

2.0  FACILITY-TO-FACILITY  DIFFERENCES 

The  interfacility  differences  for  each  of  the  six  chosen  performance  parameter  sets  are  examined  in  the 
following  sections.  The  characteristics  of  the  measured  performance  at  a  typical  test  condition  are  identified,  and 
the  fraction  of  all  the  data  within  a  2-percent  band  is  determined.  Then  the  interfacility  differences  at  each  of  the 
ten  test  conditions  are  grouped  to  display  the  effects  of  varying  inlet  temperature,  inlet  pressure,  and  ram  pressure 
ratio  on  a  parametric  basis. 
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In  a  very  few  cases,  data  were  not  available  from  all  four  test  facilities  for  all  ten  test  conditions.  The 
unavailability  of  these  data  may,  in  some  few  cases,  reduce  slightly  the  observed  facility-to-facility  differences.  This 
effect  on  the  UETP  results  is  judged  to  be  negligible. 

2.1  Rotor  Speed  Ratio 

Typical  rotor  speed  ratio  results  from  the  four  altitude  facilities  are  presented  in  Fig.  1.  Four  characteristics  of 
the  rotor  speed  ratio  data  are  visible.  First,  the  rotor  speed  ratio  decreases  in  the  order  of  tests  at  NASA,  AEDC, 
and  FtAE(P).  The  repeat  scan  data  are  indistinguishable  or  they  lie  along  the  characteristic  curve  for  the  NASA  and 
AEDC  data.  The  repeat  scan  data  are  significantly  separated  from  the  initial  scan  data  and  do  not  lie  along  the 
engine  characteristic  for  the  CEPr  data.  As  noted  earlier,  only  the  initial  data  scans  were  generally  obtained  at 
RAE(P).  The  consistency  in  the  measured  rotor  speed  ratio  characteristic  at  each  facility  suggests  that  the 
differences  between  facilities  are  probably  caused  by  biases. 

A  total  of  99  percent  of  the  rotor  speed  data  is  within  a  2-percent  band.  The  2-percent  band  is  defined  as  ±  1 
percent  from  the  mean  performance  characteristic  at  each  test  condition. 

A  summary  of  the  facility-to-facility  differences  in  rotor  speed  ratio  at  the  mid-  thrust  value  is  shown  in  Fig.  2. 
No  systematic  eflect  of  the  variation  in  test  environment  on  rotor  speed  ratio  is  observed.  Observed  differences  in 
rotor  speed  ratio  for  the  four  facilities  range  from  a  minimum  of  0.4  percent  to  a  maximum  of  0.8  percent  for  the 
ten  flight  conditions.  These  interfacility  differences  are  the  smallest  differences  of  any  of  the  six  parameter  sets 
chosen.  The  analysis  of  the  test  data  from  CEPr  confirmed  that  sufficient  time  was  not  allowed  for  the  engine  to 
reach  thermal  stabilization  before  some  of  the  initial  and  repeat  data  scans  were  initiated.  These  thermal 
nonequilibrium  effects  at  CEPr  contributed  randomly  0  to  0.3  percent  to  the  observed  interfacility  differences.  The 
engine  cycle  rematch  contributed  up  to  0.3  percent  to  the  interfacility  differences  in  a  systematic  manner  (Section 
ft.  Ref.  2).  The  facility-to-facility  differences  vary  from  a  minimum  of  0.04  percent  to  a  maximum  of  0.6  percent 
when  the  data  from  CEPr  are  not  included. 

The  detailed  analysis  and  interpretation  of  the  facility-to-facility  differences  in  rotor  speed  ratio  are  presented 
in  Sections  9.2.1,  11.3.1,  and  18.2.1  of  Ref.  2. 

2.2  Temperature  Ratio 

The  typical  variation  of  engine  temperature  ratio  T7Q2  as  a  function  of  engine  pressure  ratio  P7Q2  is  shown 
in  Fig.  3.  In  a  manner  consistent  with  the  characteristic  of  rotor  speed  ratio,  the  engine  temperature  ratio  is  neutral 
or  increasing  in  the  order  of  testing  conducted  at  NASA,  AEDC,  and  RAE(P).  Detailed  analysis  of  the  test  data 
identified  a  probable  error  of  about  2  percent  (low)  in  the  nozzle  inlet  total  pressure  P7  measurements  at  CEPr. 
(Sections  13.1  and  18.2.2  -  Ref.  2)  The  probable  cause  for  this  error  could  not  be  established.  At  these  test 
conditions  the  influence  coefficient  AT7Q2/AP7Q2  is  approximately  0.6.  Thus,  the  probable  error  in  P7  at  CEPr 
accounts  for  a  displacement  of  engine  temperature  ratio  of  about  1.2  percent.  Note  that,  in  general,  the  repeat 
scan  data  are  not  displaced  from  the  initial  scan  data  for  this  parameter  set  at  either  NASA,  AEDC  or  CEPr.  A  total 
of  98  percent  of  the  engine  temperature  ratio  data  is  within  a  2-percent  band. 

The  facility-to-tacility  differences  in  engine  tempetature  ratio  at  the  mid-thrust  value  are  summarized  in  Fig.  4. 
A  detailed  examination  of  the  differences  in  each  of  the  three  test  environmental  groupings  shows  a  possible 
systematic  effect  of  increasing  T2  and  decreasing  P2.  Observed  differences  in  engine  temperature  ratio  range 
from  a  minimum  of  0.6  percent  to  a  maximum  of  2.0  percent  for  the  ten  test  conditions.  The  engine  cycle  rematch 
contributed  up  to  0.3  percent  in  a  systematic  manner  (Section  1 1 ,  Rel.  2).  The  probable  error  in  nozzle  inlet  total 
pressure  P7  measurements  at  CEPr  contributes  approximately  1.2  percent  to  the  observed  differences.  The 
facility-to-facility  differences  range  from  a  minimum  of  0.3  percent  to  a  maximum  of  1 .3  percent  when  the  data  from 
CEPr  are  not  included. 

The  detailed  analysis  and  interpretation  of  the  lacility-to-facility  differences  in  engine  temperature  ratio  are 
presented  in  Sections  9.2.2,  11.3.3.  and  18.2.2  of  Ref.  2. 

2.3  Airflow 

Typical  engine  airflow  results  from  the  four  altitude  facilities  are  shown  in  Fig.  5.  The  airflow  measured  at 
NASA  is  the  highest  and  that  measured  at  RAE(P)  is  the  lowest.  The  repeat  scan  data  are  not  distinguishable  (torn 
the  initial  scan  data,  or  they  lie  along  the  airflow  characteristic  lor  the  NASA  (Lewis),  AEDC,  and  CEPr  data.  A  total 
of  88  percent  of  the  air  flow  data  is  within  a  2-percent  band. 

The  facility-to-facility  differences  in  engine  airflow  are  summarized  in  Fig.  6.  An  examination  of  the  grouping  of 
the  differences  by  the  test  environmental  parameters  indicates  a  probable  systematic  effect  of  decreasing  inlet 
pressure.  The  observed  differences  in  airflow  at  the  mid-thrust  value  range  from  a  minimum  of  1.3  percent  to  a 
maximum  of  3.6  percent.  An  anomaly  in  engine  airflow  and  or  corrected  low  rotor  speed  was  identified  for  test 
condition  8  at  CEPr;  however,  probable  cause  could  not  be  established  Differences  in  the  test  installations  at  the 
four  facilities  created  significant  differences  in  the  total  pressure  profile  at  the  engine  inlet.  A  special  analysis  of  the 
effects  of  variations  in  inlet  flow  distortion  at  the  tip  of  the  low-pressure  compressor  (tip  radial  distortion)  was 
completed  by  representatives  from  NASA.  The  results  of  this  analysis  indicated  that  the  distortion  contribution  to 
airflow  difference  is  probably  in  the  range  from  +0.5  to  +1.0  percent.  The  engine  airflow  at  RAE(P)  is  less  than 
the  airflow  measured  by  the  referee  instrumentation  by  about  1  percent;  however,  a  probable  cause  for  this 
difference  could  not  be  established.  The  facility-lo-tacility  differences  in  engine  a,rflow  range  from  a  minimum  of  1 .3 
percent  to  maximum  of  2.9  percent  when  the  data  from  CEPr  test  condition  8  are  not  included. 

The  detailed  analysis  and  interpretation  of  the  facility -lo- facility  differences  in  engine  airflow  are  presented  in 
Sections  9.2.3,  11.3.1,  12.1,  13.2,  14,  17.3,  and  18.2.3  ol  Ref  2. 

2.4  Fuel  Flow 

The  typical  variation  of  engine  fuel  flow  WFRD  as  a  function  of  corrected  high  rotor  speed  is  shown  in  Fig.  7. 
The  fuel  flow  decreases  in  the  order  of  testing  at  NASA,  AEDC,  and  RAE(P).  The  repeat  scan  data  are  not 
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distinguishable  from  (he  initial  scan  data  or  lie  along  the  fuel  flow  characteristic  lor  the  NASA  and  AEDC  results. 
The  repeat  scan  data  are  separate  from  the  initial  scan  data  and  do  not  lie  along  the  fuel  flow  characteristic  for  the 
CEPr  data.  Again,  it  should  be  noted  that  only  initial  scan  data  are  generally  available  from  RAE(P). 

A  total  of  63  percent  of  the  fuel  flow  data  is  within  the  2-percent  band.  The  fuel  flow  measurements  at  CEPr 
are  consistently  displaced  from  the  measurements  from  the  other  three  facilities.  Further,  the  CEPr  data  contain 
significant  effects  of  thermal  nonequilibrium  as  discussed  in  the  paragraph  below.  A  total  of  85  percent  of  the  fuel 
flow  data  is  within  the  2-percent  band  when  the  data  from  CEPr  are  not  included. 

A  summary  of  the  facility-to-facility  differences  in  engine  fuel  flow  at  the  mid-thrust  value  is  shown  in  Fig.  8. 
There  is  no  systematic  effect  of  changes  in  the  test  environment.  The  observed  differences  in  fuel  flow  range  from 
a  minimum  of  3.8  percent  to  a  maximum  of  5.5  percent.  In  a  manner  similar  to  that  discussed  for  rotor  speed  ratio 
in  Section  2.1 ,  the  thermal  nonequilibrium  of  the  engine  operating  conditions  at  CEPr  contributed  from  0  to  2.5 
percent  to  the  facility-to-facility  differences  in  a  random  manner.  The  engine  cycle  rematch  contributed  up  0.5 
percent  to  the  interfacility  differences  in  a  systematic  manner.  The  engine  inlet  total  pressure  distortion  at  the  tip  of 
the  low-pressure  compressor  affected  engine  air  flow  as  discussed  in  Section  2.3.  This  distortion  effect  is 
propagated  into  the  facility-to-facility  differences  of  fuel  flow  and  would  probably  contribute  between  0.5  and  t 
percent  The  referee  engine  fuel  flow  measurements  were  not  obtained  at  HAE(P);  therefore,  this  diagnostic 
parameter  was  not  available  for  inclusion  in  the  analysis.  A  special  study  was  completed  by  representatives  from 
NRCC  to  determine  the  effect  of  variations  in  the  chemical  analysis  of  the  fuels  on  the  observed  interfacility 
differences  in  fuel  flow.  The  fuel  property  analyses  contributed  from  0.04  percent  to  0.35  percent.  The  facility-to- 
facility  differences  in  fuel  flow  range  from  a  minimum  of  1 .0  percent  to  a  maximum  of  3.0  percent  when  the  CEPr 
data  are  not  included. 

The  detailed  analysis  and  interpretation  of  the  facility-to-facility  differences  in  engine  fuel  flow  are  presented  in 
Sections  9.2.4,  11.3.2,  15,  18.2.4  of  Ref.  2. 

2.5  Net  Thrust 

The  typical  variation  of  engine  net  thrust  versus  engine  pressure  ratio  is  shown  in  Fig.  9.  The  net  thrust 
measurements  at  NASA,  AEDC,  and  RAE(P)  are  very  tightly  clustered.  As  was  discussed  in  Section  2.2,  the 
nozzle  inlet  total  pressure  measurements  at  CEPr  were  probably  2  percent  low.  The  influence  coefficient 
AFNRDAP7Q2  is  approximately  2.  Thus,  the  probable  error  in  P7  at  CEPr  accounts  for  a  displacement  ol  net 
thrust  of  approximately  4  percent.  The  repeat  scan  data  are  not  distinguishable  from  the  initial  scan  data  at  NASA  , 
AEDC,  or  CEPr  A  total  of  69  percent  of  the  net  thrust  data  is  within  the  2-percent  band.  The  net  thrust 
measurements  at  CEPr  are  consistently  displaced  from  the  measurements  from  the  other  three  facilities.  A  total  of 
92  percent  of  the  net  thrust  data  is  within  the  2-percent  band  when  the  data  from  CEPr  are  not  included. 

The  facility-to-facility  differences  in  engine  net  thrust  at  the  mid-thrust  value  are  summarized  in  Fig.  10  .  An 
examination  ot  the  differences  in  each  of  the  test  environmental  groupings  shows  a  possible  systematic  effect  ol 
increasing  engine  inlet  temperature  and  increasing  ram  pressure  ratio.  Observed  differences  in  engine  net  thrust 
range  from  a  minimum  of  3.4  percent  to  a  maximum  ol  5.4  percent.  As  discussed  in  Section  2.2,  the  measured 
values  of  nozzle  inlet  total  pressure  P7  were  probably  2  percent  low  at  CEPr.  This  probable  error  contributes 
approximately  4  percent  to  the  observed  differences  in  net  thrust.  Engine  cycle  rematch  contribution  ranges  from  0 
to  -1.0  to  0  percent  in  a  systematic  manner.  Unlike  the  discussion  in  Section  2.3  and  2.4  for  airflow  and  fuel  flow, 
respectively,  the  engine  inlet  flow  distortion  at  the  tip  of  the  low-pressure  compressor  probably  has  little  or  no 
effect  on  the  net  thrust  versus  engine  pressure  ratio  characteristic.  The  net  thrust  at  AEDC  was  approximately  3 
percent  lower  than  at  the  other  three  facilities  at  test  condition  9;  however,  the  probable  cause  of  this  difference 
could  not  be  determined.  The  interfacility  differences  in  engine  net  thrust  range  from  a  minimum  of  0.3  percent  to  a 
maximum  of  3.3  percent  when  the  CEPr  data  are  not  included.  The  maximum  difference  of  3.3  percent  is  reduced 
to  only  1 .4  percent  when  the  AEDC  data  at  test  condition  9  are  not  included. 

The  detailed  analysis  and  interpretation  of  the  facility-to-facility  differences  in  net  thrust  as  a  function  of  engine 
pressure  ratio  are  included  in  Sections  9,2.5,  11.3.3,  12.3,  13.1,  and  18,2.5  of  Ref.  2. 

2.6  Specific  Fuel  Consumption 

Typical  engine  specific  fuel  consumption  results  from  the  four  attitude  facilities  are  shown  in  Fig.  11.  The 
specific  fuel  consumption  (SFCRD)  was  highest  at  NASA  and  lowest  at  AEDC.  The  repeat  scan  values  are 
distinguishable  from  the  initial  scan  values  in  many  cases.  The  parameter  set  of  SFCRD  and  FNRD  was  chosen  to 
display  this  key  performance  parameter  because  ot  the  basic  relationships  of  these  two  variables.  This  choice, 
however,  is  unique  when  compared  to  the  other  five  sets  of  parameters  because  net  thrust  appears  in  both  the 
dependent  and  independent  variables.  The  appearance  of  a  common  variable  in  both  the  independent  and 
dependent  parameters  required  special  attention  during  the  detailed  analysis.  A  total  of  89  percent  of  the  specific 
fuel  consumption  data  is  within  a  2-percent  band. 

The  facility-to-facility  differences  in  engine  specific  fuel  consumption  at  the  mid-thrust  value  are  summarized 
in  Fig.  12.  No  systematic  effect  of  test  environment  is  noted.  Observed  differences  in  SFC  at  the  four  facilities 
range  from  a  minimum  ot  0.9  percent  to  a  maximum  of  2.4  percent.  The  engine  rematch  contribution  probably 
ranged  from  0  to  1  percent.  The  effect  of  inlet  flow  distortion  at  the  engine  inlet  is  probably  negligible  because  ol 
the  offsetting  effects  in  both  fuel  flow  and  net  thrust.  The  SFC  was  higher  at  AEDC  than  at  the  other  facilities  tor 
test  condition  9;  however,  the  probable  cause  of  this  difference  could  not  be  determined.  The  contribution  ot  the 
thermal  nonequilibrium  of  the  engine  at  CEPr  is  negligible  This  insensitivity  to  thermal  nonequilibrium  is  judged  to 
be  fortuitous  and  is  related  to  the  specific  design  features  of  the  J57  engines  used  in  the  UETP.  It  is  highly  unlikely 
that  this  insensitivity  would  exist  on  other  engines  having  different  aerodynamic  and  thermodynamic  designs  and 
different  control  logic.  The  range  of  facility-to-facility  differences  in  SFC  ot  0.9  percent  to  2.4  percent  did  not 
change  as  a  result  of  the  analysis. 

The  detailed  analysis  and  interpretation  of  the  facility-to-facility  differences  in  specific  fuel  consumption  are 
contained  in  Sections  9.2.6,  11.3.4,  and  18.2.6  of  Ref.  2. 
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3.0  ASSESSMENT  OF  INTERFACILITY  DIFFERENCES 

The  effects  of  a  total  of  17  individual  factors  (see  Fig.  13)  on  the  UETP  results  were  carefully  assessed 
during  the  detailed  analysis  and  interpretation  of  the  observed  performance  differences  between  the  four  altitude 
test  facilities.  In  the  vast  majority  of  these  assessments,  it  was  possible  to  establish  with  a  high  level  of  confidence 
the  reason  for  and  the  magnitude  of  the  contribution  to  the  interfacility  ditlerences  on  a  factor-by-factor  basis.  Two 
of  these  factors  were  of  sufficient  size  and  could  be  established  with  sufficiently  high  confidence  that  both  were 
included  in  the  final  assessment  of  the  interfacility  differences.  These  two  factors  are  (1)  the  engine  thermal 
nonequilibrium  during  the  data  scans  at  CEPr  and  (2)  the  anomaly  in  the  measurement  of  nozzle  inlet  total 
pressure  at  CEPr.  The  magnitude  of  each  of  these  factors  and  the  engine  parameters  affected  are  shown  in  Fig. 
13.  These  two  relatively  Targe  factors  were  included  in  the  final  assessment  of  interfacility  differences  by  the 
removal  of  the  CEPr  data  because  no  correction  of  the  data  to  account  for  either  effect  was  possible. 

The  remainder  of  the  factors  investigated  were  not  incorporated  in  the  final  assessment  of  interfacility 
differences  as  shown  in  Fig.  13.  The  results  of  each  assessment  were  judged  on  the  basis  of  the  magnitude  ot 
their  effect  on  the  interfacility  differences  and  on  the  level  of  confidence  which  could  be  placed  on  the  analysis  and 
interpretation.  Three  of  these  factors,  specifically  the  effects  of  engine  cycle  rematch  on  the  rotor  speed  ratio  and 
on  engine  temperature  ratio  and  the  effect  of  fuel  properties  analysis  on  fuel  flow  were  not  incorporated  in  the  final 
assessment  because  they  were  judged  to  be  too  small  to  significantly  affect  UETP  results,  even  though  the 
magnitudes  of  the  effects  were  known  with  sufficient  confidence.  Alternatively,  a  number  of  the  factors  such  as  the 
effect  of  engine  cycle  rematch  on  fuel  flow,  thrust,  and  SFC,  the  effect  of  inlet  flow  distortion  on  airflow  and  fuel 
flow,  and  the  difference  between  the  facility  airflow  measurement  and  the  referee  airflow  measurement  at  RAE(P) 
were  not  incorporated  in  the  final  assessment  because  while  the  magnitudes  were  large  enough  to  affect  the 
assessment  of  interfacility  differences,  the  confidence  which  which  the  values  could  be  established  was  judged  to 
be  too  low  Remaining  factors,  e  g., the  undefined  anomalies  at  test  condition  8  at  CEPr  and  test  condition  9  at 
AEDC,  and  the  fuel  system  difficulties  encountered  at  several  facilities  could  not  be  resolved  by  analysis. 

Two  additional  factors,  engine  inlet  turbulence  and  boattail  force,  were  carefully  assessed  during  the  detailed 
analysis  and  interpretation  of  the  facility-to-facility  differences.  However,  neither  of  these  factors  is  listed  in  Fig.  13 
for  two  very  different  reasons. 

In  the  case  of  the  engine  inlet  turbulence,  the  measurement  approach  defined  in  the  General  Test  Plan  (Ref. 
1)  did  not  permit  sufficient  characterization  of  turbulence  levels  between  facilities  to  determine  if  the  different 
turbulence  levels  created  a  change  in  performance  (Section  12.2-Ref  2.) 

On  the  other  hand,  the  boattail  force  measurements  prescribed  in  the  General  Test  Plan  provided  high-quality 
measurements  of  these  forces.  These  measurements  showed  that  the  boattail  force  for  the  UETP  test 
configurations  was  less  than  0.1  percent  ot  the  net  thrust  level  and  was,  therefore,  insignificant  (Section  12.3-Pef. 


A  compilation  of  the  performance  of  all  tour  altitude  test  facilities  is  shown  in  Fig.  14.  The  results  of  both 
methods  ot  facility  performance  determination,  i.e.,  (1)  the  fraction  of  the  population  ot  all  data  which  was  within  a 
2-percent  band  and  (2)  the  minimum  and  maximum  facility-to-facility  differences  for  all  test  conditions  at  one  power 
setting  are  shown  for  each  of  the  six  sets  of  engine  performance  parameters.  The  final  analysis  of  the  population 
distribution  of  all  the  data  showed  that  85  to  95  percent  was  within  the  2-percent  band.  The  maximum  facility-to- 
facility  performance  differences  at  the  mid-thrust  range  of  the  engine  were  generally  3  percent  or  less. 
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T2  =  288  K:  RPR  =  1.30  (REF.  FIG.  9-2A) 


NHRD,  rpro 

NOTE: 

-  NLQNH  DECREASING  IN  ORDER  OF  TESTS  [NASA,  AEDC,  RAE  (P» 

-  REPEAT  SCANS  NOT  VISIBLE  OR  ALONG  CHARACTERISTIC  (NASA,  AEDC) 

-  REPEAT  SCANS  VISIBLE  AND  NOT  ALONG  CHARACTERISTIC  (CEPr) 

-  SINGLE  SCANS  ONLY  [(RAE  (P)j 

-  DIFFERENCES  PROBABLY  CAUSED  BY  BIASES 

-  99%  OF  DATA  WITHIN  2%  BAND 


Figure  1.  Typical  rolor  speed  ratio  results. 


A  NLQNH  VS.  NHRD  AT  MID-THRUST  VALUE 


*  OATA  FROM  ONLY  3  FACILITIES 

-  NO  SYSTEMATIC  EFFECT  OF  TEST  ENVIRONMENTS 

-  0.4%  5  OBSERVED  DIFFERENCE  s  0.8% 

-  SMALLEST  DIFFERENCES  OF  ANY  PARAMETER  SET 

-  THERMAL  NONEQUILIBRIUM  AT  CEPr  CONTRIBUTION  0  TO  -0.3%  (RANDOM) 

-  ENGINE  CYCLE  RE-MATCH  CONTRIBUTION  -  0.3%  (SYSTEMATIC) 

-  0.04%  <  DIFFERENCE  W/0  CEPr  <  0.6% 

Figure  2.  Differences  in  engine  rotor  speed  ratio. 
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I.T  1.1  l.<  1.0  t.l  t.t  11  1.4  1.4  1.4  1,7  1.1 


P7Q2 


NOTE: 

-  T7Q2  NEUTRAL  OR  INCREASING  IN  ORDER  OF  TESTS  [NASA,  AEDC,  RAE  (P)] 

-  PROBABLE  P7  ERROR  2%  LOW-INFLUENCE  COEFFICIENT  0.6  (CEPr) 

-  REPEAT  SCAN  NOT  VISIBLE  (NASA,  AEDC,  CEPr) 

-  98%  OF  DATA  WITHIN  2%  BAND 


Figure  3.  Typical  engine  temperature  ratio  results. 


A  T7Q2  VS.  P7Q2  AT  MID-THRUST  VALUE 
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*  DATA  FROM  ONLY  3  FACILITIES 
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1.5* 

-  POSSIBLE  SYSTEMATIC  EFFECT  OF  INCREASING  T2  AND  DECREASING  P2 

-  0.6%  £  OBSERVED  DIFFERENCE  S  2.0% 

-  ENGINE  CYCLE  REMATCH  CONTRIBUTION  +0.3%  (SYSTEMATIC) 

-  P7  MEASUREMENT  2%  LOW  AT  CEPr  (INFLUENCE  COEFF.  -  0.6)  CONTRIBUTION  +1.2% 

-  0.3%  S  DIFFERENCE  W/0  CEPr  <5 1.3% 


Figure  4.  Differences  in  engine  temperature  ratio. 
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P2  =  82.7  kPa;  T2  =  288  K  (REF.  FIG.  9-3C) 


NOTE: 

-  WA1RD  NASA  HIGHEST  AND  RAE(P)  LOWEST 

-  REPEAT  SCANS  NOT  VISIBLE  OR  ALONG  CHARACTERISTIC  (NASA,  AEDC,  CEPr) 

-  88%  OF  OATA  WITHIN  2%  OF  BAND 


Figure  5  Typical  engine  airflow  results. 


A  WAIRD  VS.  NLRD  AT  MID-THRUST  VALUE 
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-  PROBABLE  SYSTEMATIC  EFFECT  OF  DECREASING  P2 

-  1.3%  <;  OBSERVED  DIFFERENCE  £  3.6% 

-  UNEXPLAINED  ANOMALY  IN  WAIRD  AND  NLRD  DATA  FROM  CEPr  AT  TEST  CONDITION  8 

-  INLET  FLOW  DISTORTION  (TIP)  CONTRIBUTION  PROBABLY  +0.5  TO  +1% 

-  WAIRD  AT  RAE(P)  LESS  THAN  WA2RD  (REFEREE)  BY  - 1% 

-  1.3%  5  DIFFERENCE  W/0  CEPr  TC8  £  2.9% 


Figure  6.  Differences  in  engine  airflow. 
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P2  =  82.7  kPa:  T2  =  288  K  (REF.  FIG.  9-3D) 


-  WFRD  DECREASING  IN  ORDER  Of  TESTS  [NASA,  AEDC,  RAE(P)] 

-  REPEAT  SCANS  NOT  VISIBLE  OR  ALONG  CHARACTERISTIC  (NASA,  AEDC) 

-  REPEAT  SCANS  VISIBLE  AND  NOT  ALONG  CHARACTERISTIC  (CEPr) 

-  SINGLE  SCANS  ONLY  [RAE(P)| 

-  63%  OF  DATA  WITHIN  2%  BAND  (85%  W/O  CEPf) 


Figure  7.  Typical  engine  fuel  flow  results. 


A  WFRD  VS.  NHRD  AT  MID-THRUST  VALUE 
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-  NO  SYSTEMATIC  EFFECT  OF  TEST  ENVIRONMENTS 
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-  ENGINE  CYCLE  REMATCH  CONTRIBUTION  +0.5%  (SYSTEMATIC) 

-  INLET  FLOW  DISTORTION  (TIP)  CONTRIBUTION  PROBABLY  +0.5  TO  1% 

-  WFERD  (REFEREE)  NOT  OBTAINED  AT  RAE  (P) 

-  FUEL  PROPERTIES  ANALYSIS  (SPEC.  GRAV.,  HEAT  VALUE)  CONTRIBUTION  0.04%  TO  0.35% 

-  1.0%  s  DIFFERENCE  W/0  CEPr  S  3.0% 


Figure  8.  Differences  in  engine  fuel  flow. 
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T2  =  288  K;  RPR  =  1.30  (REF.  FIG.  9-2E) 


NOTE: 

-  FNRD  TIGHTLY  CLUSTERED  [NASA,  AEDC,RAE(P)| 

-  PROBABLE  P7  ERROR  2%  LOW  INRUENCE  COEFFICIENT  2.0  (CEPr) 

-  REPEAT  SCANS  NOT  VISIBLE  (NASA,  AEDC,  CEPr) 

-  69%  OF  DATA  WITHIN  2%  BAND  (92%  W/0  CEPr) 


Figure  9.  Typical  engine  net  thrust  results. 


A  FNRD  VS.  P7Q2  AT  MID-THRUST  VALUE 

82.7/1 .0Q/T2  P2/1 .30/288  82.7/RPR/288 
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4.1 
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4.5* 

TC 

T2 

A% 
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3.4 

mm 
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4.1 

SB 

288 

3.9* 

Hi 
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5.0 

TC 

P2 

A% 

6 

82.7 

4.1 

7 

51.7 

5.4 

8 

34.5 

4.6 

9 

20.7 

4.3 

•  DATA  FROM  ONLY  3  FACILITIES 


-  POSSIBLE  SYSTEMATIC  EFFECT  OF  INCREASING  T2  AND  INCREASING  RPR 

-  3.4%  <;  OBSERVED  DIFFERENCE  S  5.4% 

-  P7  MEASUREMENT  2%  LOW  AT  CEPr  (INRUENCE  COEFF.  -2)  CONTRIBUTION  4% 

-  ENGINE  REMATCH  (DETERIORATION)  CONTRIBUTION  0  TO  -1%  TO  0  (SYSTEMATIC) 

-  ROW  DISTORTION  (TIP)  AT  ENGINE  INLET  CONTRIBUTION  PROBABLY  0 

-  AEDC  3%  LOWER  THAN  OTHER  3  FACILITIES  AT  TEST  CONDITION  9  -  CAUSE  NOT  DETERMINED 

-  0.3%  5  DIFFERENCE  W/0  CEPr  S  3.3% 


Figure  1 0.  Difter ences  in  engine  net  thrust. 
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P2  =  82.7  kPa;  RPR  =  1.00  (REF.  FIG.  9-1 F) 
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-  SFCRD  NASA  HIGHEST  AND  AEDC  LOWEST 

-  MANY  REPEAT  SCANS  VISIBLE 

-  FNRD  COMMON  IN  BOTH  DEPENDENT  AND  INDEPENDENT  VARIABLES 

-  89%  OF  DATA  WITHIN  2%  BAND 


Figure  11.  Typical  engine  specific  fuel  consumption  results. 


A  SFCRD  VS.  FNRD  AT  MID-THRUST  VALUE 

82.7/1 .00/T2  P2/1. 30/288  82.7/RPR/288 
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*  DATA  FROM  ONLY  3  FACILITIES 


-  NO  SYSTEMATIC  EFFECTS  OF  TEST  ENVIRONMENTS 

-  0.9%  <:  OBSERVED  DIFFERENCE  S  2.4% 

-  ENGINE  REMATCH  (DETERIORATION)  CONTRIBUTION  0  TO  -+1% 

-  FLOW  DISTORTION  (TIP)  AT  ENGINE  INLET  CONTRIBUTION  PROBABLY  0 

-  AEDC  HIGHER  THAN  OTHER  FACILITIES  AT  TEST  CONDITION  9  -  CAUSE  NOT  DETERMINED 

-  THERMAL  NONEQUILIBRIUM  AT  CEPr  CONTRIBUTION  -0  (FORTUITOUS  J-57  SPECIFIC) 

-  0.9%  <;  DIFFERENCES  S  2.4% 


Figure  12.  Differences  in  engine  specific  fuel  consumption. 
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engine  factors  incorporated  in  factors  not  incorporated  in 

PARAMETER  FINAL  ASSESSMENT  (%)  FINAL  ASSESSMENT  (%) 


NLQNH 

VS.NHRO 

(a)  THERMAL  NONEQUILIBfilUM  CEPr  (S-0.3) 

(a)  ENGINE  CYCLE  REMATCH  (-0.3) 

T7Q2 

VS.P702 

(a)  P7  MEASUREMENT  CEPr  (2  X  0.61C  -  15) 

(a)  ENGINE  CYCLE  REMATCH  (+0.3) 

WA1RD 

VS.  NLRD 

(a)  INLET  FLOW  DISTORTION  (TIP)  (-+0.5  T0 1 .0) 

(b)  WA1RO  <  WA2RD  (REFEREE)  RAE  (P)  (-1.0) 

(C)  UNDEFINED  ANOMALY  IN  WA1RD.  NLRD  CEPrTCS 

WFRO 

VS.NHRD 

(a)  THERMAL  NONEQUIUBRIUM  CEPr  (0  TO  -2.5) 

(a)  ENGINE  CYCLE  REMATCH  (+0.5) 

(b)  INLET  FLOW  DISTORTION  (TIP)  {-+0.5  T0 1 .0) 

(c)  FUEL  PROPERTIES  ANALYSIS  (<0.4) 

(d)  FUEL  SYSTEM  DIFFICULTIES  (DATA  NONRECOVER.) 

FNRD 

VR.P702 

(a)  P7  MEASUREMENT  CEPr  (2  X  2IC  »  4) 

(a)  ENGINE  CYCLE  REMATCH  (0  TO  -1  TO  0) 

(b)  INLET  FLOW  DISTORTION  (T1P)(  .+0.5  T0 1 .0) 

(C)  UNDEFINED  ANOMALY  IN  FNRD  AEDCTC9 

SFCRO 

vs.  fnrd 

(a)  NONE 

(a)  ENGINE  CYCLE  REMATCH  (0  TO  +1 .0) 

Figure  13.  Assessments  of  Interfacility  differences. 


REFERENCE  TABLE  18-1 


ENGINE  PARAMETER 
(INDEPENDENT  VARIABLE) 

OVERALL  PERCENTAGE  SPREAD 

AT  MID-THRUST  (WITHOUT  CEPr) 

DATA  WITHIN  2-PERCENT 

BAND ,  PERCENT  (WITHOUT  CEPr) 

NLQNH 

0.4  TO  0.0 

99 

(NHRD) 

(0.04  TO  0.6) 

T702 

0.6  TO  10 

98 

(P702) 

(0.3  TO  1.3) 

WA1RD 

U  TO  3.6 

88 

(NLRO) 

(1.3  TO  2.9) 

WFRD 

38  TO  5.5 

63 

(NHRO) 

(1.0  TO  3.0) 

(ts> 

FNRD 

3.4  TO  5.4 

69 

(P7Q2) 

(0.3  TO  3.3) 

(92) 

SFCRO 

0.9  TO  2.4 

89 

(FNRD) 

(0.9  TO  24) 

Figure  1 4.  Summary  of  differences  between  altitude  facilities. 
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COMPARISON  OF  GROUND-LEVEL  TEST  CELLS 
AND  GROUND-LEVEL  TO  ALTITUDE  TEST  CELLS 

by 

D.M.  Rudnitski 
Section  Head 
Engine  Laboratory 
National  Research  Council  Canada 
Ottawa,  Ont  K1A  OR6 
CANADA 


SUMMARY 

The  Uniform  Engine  Test  Program  was  set  up  to  examine  gas  turbine  test  procedures,  instrumentation  techniques  and  data  reduction 
methods  employed  by  engine  test  facilities  in  several  AGARD  countries. 

Two  major  classes  of  facilities  participated,  attitude  and  ground-level  test  beds.  Two  engines  were  to  be  operated  in  the  test  facilities, 
but  as  the  program  evolved,  only  one  engine  was  tested  in  all  the  attitude  facilities,  and  the  other  in  the  ground-level  beds,  with  some 
overlap  between.  Thus  the  performance  assessment  had  to  be  laid  out  with  three  specific  comparison  objectives: 

1)  altitude  with  altitude 

2)  ground-level  with  ground-level 

3)  ground-level  with  attitude 

The  previous  lecture  dealt  with  objective  one,  data  comparisons  of  attitude  with  attitude.  This  lecture  will  deal  with  objectives  two  and 
three. 

Steady-state  performance  of  a  J57-P-19  turbojet  engine  was  evaluated  in  four  ground-level  test  beds,  three  of  them  enclosed:  NRCC. 
CEPr,  and  TUAF,  and  an  open-air  test  bed  at  NAPC.  Detailed  inter-facility  comparisons  were  made  on  the  three  basic  engine  parameters, 
airflow,  net  thrust,  and  specific  fuel  consumption,  and  reasons  sought  for  any  differences. 

Objective  three  was  to  compare  data  taken  in  an  attitude  facility  to  those  obtained  in  a  ground-level  test  bed.  As  not  all  facilities  tested 
both  engines  in  the  round-robin,  engine  SN  607594  was  used  for  attitude  to  attitude  and  attitude  to  ground-level,  and  engine  615037  for 
ground-level  bed  comparison.  AEOC  was  the  only  altitude  facility  capable  of  operation  at  sea-levei-static  conditions  for  both  engines,  which 
provided  a  direct  comparison  of  the  validity  of  the  normalizing  equations.  CEPr  tested  one  engine  In  both  a  ground-level  bed  and  in  their 
attitude  facility.  Significant  data  scatter  and  biases  in  the  CEPr  data  made  meaningful  comparisons  of  dubious  value,  reducing  the  size  of 
the  database. 

A  summary  of  percentage  differences  for  the  three  basic  performance  parameters  evaluated  at  approximately  the  mid-thrust  level  is 
shown  below. 


Engine 

parameter 

iriuspeiiusiii 

variable 

Inter-facility  Spread  % 
ground-level 

Inter-facility  spread  •  % 
ground-level/altitude 

FNR3 

R7Q2 

0.7  (2.5) 1 

5.1  (3.0)2 

SFCR3 

FNR 

1.«  (3.0) 1 

“  I 

WA1R 

NLR 

1.0  (4.0)2 

-  I 

NOTES:  1)  Bracketed  values  include  TUAF  data 

2)  Bracketed  value  excludes  CEPr  (Alt)  data 

3)  NRCC  values  for  thrust  approximately  1%  low 

In  evaluting  NAPC  data,  it  was  discovered  that  the  thrust  accounting  procedures  for  enclosed  test  beds  was  not  correctly  defined  by 
the  OTP  equations.  NRCC  corrected  their  data,  which  demonstrated  that  gross  thrust  was  low  by  approximately  1 .0%.  Therefore  any 
parameter  for  NRCC  containing  thrust  will  be  low. 

Once  account  Is  taken  for  the  known  anomalies,  the  inter-facility  data  agreement  falls  within  the  declared  measurement  uncertainty 
bands. 


UST  OF  SYMBOLS 

AEDC  Arnold  Engineering  Development  Center 

CEPr  Centre  d'Essais  dee  Propuleeura 

FNR  Net  Thmet  Corrected  to  See-Level  Conditions,  kN 

OTP  General  Test  Plan 

NAPC  Navel  Air  Propulsion  Centre 

NASA  National  Aeronautics  and  Space  Administration  Lewis  Research  Center 
NHR  High  Pressure  Compressor  Rotor  Speed  Corrected  to  Sea-Level  Conditions,  rpm 
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NLQNH  Ratio  ot  Low  Pressure  Compressor  to  High  Pressure  Compressor  Rotor  Speeds 

NLR  Low  Pressure  Compressor  Rotor  Speed  Corrected  to  See-Level  Conditions,  rpm 

NRCC  National  Research  Council  of  Canada 

P2  Engine  Inlet  Total  Pressure ,  kPa 

P7  Exhaust  Nozzle  Inlet  Total  Pressure,  kPa 

P7Q2  Ratio  of  Exhaust  Nozzle  Inlet  to  Engine  inlet  Total  Pressure 

PAMB  Static  Pressure  at  Exhaust  Nozzle  Exit  Plane,  kPa 

RAE(P)  Royal  Aerospace  Establishment  Pyestock 

RPR  Ram  Pressure  Ratio 

SFCR  Specific  Fuel  Consumption  Corrected  to  Sea-Level  Conditions,  g/kN-sec 
SLS  Sea-Level  Static  Conditions  (101  kPa,  1.0  RPR ,  288  K) 

T2  Engine  Inlet  Total  Temperature,  K 

77  Exhaust  Nozzle  Inlet  Total  Temperature,  K 

7702  Ratio  ot  Exhaust  Noz2fe  Inlet  to  Engine  Inlet  Total  Temperature 

TC  Test  Condition 

TUAF  Turkish  Air  Force  Supply  and  Maintenance  Centre 

UETP  A  CARD- PEP  Uniform  Engine  Test  Program 

WA1R  Facility  Airflow  Corrected  to  Sea-Level  Conditions,  kglsec 

WFER  Reference  Fuel  Mass  Flow  Corrected  to  Sea-Level  Condtoons,  g/sec 

WFR  Facility  Fuel  Mass  Flow  Corrected  to  Sea-Level  Conditions,  g/sec 


1  INTRODUCTION 

The  previous  lecture  dealt  with  the  observed  differences  of  engine  performance  parameters  obtained  in  four  attitude  facilities,  NASA 
leRC,  AEDC.  RAE(P),  and  CEPr.  Ten  teat  conditions  were  specified  that  varied  iniet  temperature,  T2.  inlet  presaure,  P2,  and  ram  presaure 
ratio.  RPR  An  additional  test  condition,  sea- level-eta  tic,  wae  requested ,  but  only  one  attitude  facility,  AEDC.  was  capable  of  operation  at 
this  point.  The  OTP  (Ref.  1)  specified  that  both  J57  engines  were  to  be  tested  at  all  facilities,  be  it  attitude  or  ground-level.  Due  to 
operational  and  program  constraints,  not  ail  agencies  were  able  to  fulfil  this  requirement:  one  engine,  SN  607594,  completed  the  rounds 
in  the  attitude  facilities,  and  the  other  SN  615037,  in  the  ground-level  test  facilities.  Thus  came  the  problem  of  addressing  the  attitude  to 
ground-level  test  bed  comparison.  It  was  decided  that  comparisons  of  attitude  cells  would  be  based  on  data  from  engine  607594,  ground- 
level  beds  based  on  data  from  engine  615037,  and  ground-level  with  attitude  using  engine  607594.  This  latter  comparison  was  included 
as  there  has  been  evidence  that  the  performance  of  an  engine  measured  in  an  attitude  ceil  at  conditions  close  to  ground-level  can  differ 
from  that  measured  on  a  ground-level  test  bed.  One  agency,  CEPr,  tested  engine  607594  in  both  an  altitude  tank  and  on  a  ground-level 
test  bed. 

Six  sets  of  sngine  performance  parameter  relationships  were  selected  to  assess  the  differences  in  ail  the  facilities.  These  were: 


|  NLQNH  ML  MMff 

WA1R  vs.  NLR 

FNR  vs.  P7Q2  ) 

|  7702  ML  P7Q2 

WFR  vs.  NHR 

SFCR  vs .FNR  | 

The  data  presented  for  ground-level  facilities  are  corrected  to  standard  day  conditions,  whereas  the  altitude  data  are  corrected  to 
desired  conditions.  For  data  comparison  between  the  facility  types,  the  desired  condition  becomes  sea-level-static,  consistent  with  the 
equations  in  Ref.  2.  None  of  the  ground-level  beds  had  environmental  control,  thus  testing  was  conducted  at  the  prevailing  ambient 
conditions  of  temperature,  pressure  end  humidity.  With  the  exception  of  CEPr,  which  operated  between  277  <  T2  <  283  K,  the  required 
temperature  corrections  did  not  introduce  any  additional  errors  (Section  16.3  of  Ref.  2). 

The  engine  performance  parameter  relationships  were  developed  by  fitting  second  order,  polynomial  cun/e  fits  of  the  date  points  from 
each  facility.  To  quantify  inter-facility  differences  for  the  purpose  of  comparison,  the  maximum  spread  of  each  dependent  parameter 
(expressed  as  a  percentage  of  the  median  value)  was  calculated  at  approximately  the  mid-thrust  point  The  magnitude  of  the  spreads  shown 
were  derived  from  tabulated  data. 

There  ere  two  eectiona  for  this  date  comparison.  First  the  ground-level  facilities  will  be  discussed,  then  second,  the  ground-level  to 

altitude. 

2  Ground-Lava)  Facility  Comparison* 

Comparisons  of  the  ground-level  bade  are  beeed  on  data  from  sngine  615037  acquired  at  NRCC,  CEPr  end  TUAF,  with  comparable 
.late  obtained  at  the  AEDC  attitude  facility  at  SLS  conditions  Included  for  reference. 

The  date  show  the  same  general  trends  (curvs  slopes  similar)  and,  with  the  exception  of  the  TUAF  data,  are  in  moderately  good 
agreement  The  reaeone  why  the  TUAF  data  depart  rather  more  from  the  mean  than  do  the  data  from  the  other  facilities  art  moet  probably 
due  to  the  leek  of  empirical  corrections  for  thie  particular  angina  type.  The  TUAF  test  stand  is  designed  for  pre-  end  post-overhaul  testing 
of  only  those  engines  in  the  TUAF  Inventory;  since  the  J57-I9  is  not  one  of  theee,  cell  correction  factors  were  not  availabla.  in  addition, 
manual  recording  of  data  increased  the  measurement  uncertainty.  The  UETP  results  ere  not  therefore  considered  representative  of  TUAF 
facility  capability.  Therefore,  the  TUAF  data  have  not  been  included  when  calculating  the  percentage  spreads  between  facilities,  but  they 
are  included  in  tf>e  discussions  which  follow. 

At  the  time  of  writing  UETP  AR  246  (Ref.  2),  the  data  from  the  only  outdoor  stand,  NAPC,  were  not  available  for  consideration  in  the 
detailed  comparison.  Pub  sequent  analysis  by  NRCC  end  NAPC,  using  theee  new  data,  revealed  that  the  UETP  calculation  procedures  In 
Appendix  fV  of  Ref.  2  lead  to  results  which  differ  slightly  from  those  obtained  using  standard  methods.  Reference  should  be  made  to 
Appendix  VM  of  Ref.  2  for  e  discussion  of  the  influence  of  environmental  factors  on  the  measurement  of  thrust  In  a  gr>und4evei  teat  bad. 
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The  graphic*)  comparison  in  Saction  3.5  and  values  quoted  in  Section*  18.3.5  and  16.3.6  of  Ref.  2  do  not  contain  the  environmental 
correction*,  and  therefore  should  be  viewed  with  caution.  In  this  lecture,  the  figures  from  Appendix  VIII  of  Ref.  2  will  be  used,  as  they  include 
the  NAPC  data.  For  consistency  with  Section  9  of  Ref.  2,  the  data  are  based  on  the  equations  in  the  QTP. 

2.1  Rotor  Spood  Ratio 

Rotor  speed  ratio  as  a  function  of  corrected  high  rotor  speed  for  the  four  ground-level  facilities  and  one  altitude  facility  is  displayed 
as  Figure  1 .  'Hie  curve  shapes  are  ail  similar  and  show  a  maximum  spread  of  1 .5%,  bounded  by  TUAF  at  the  top  and  CEPr  at  the  bottom. 
Without  TUAF  data,  the  spread  drops  to  0.4-0. 5%,  which  la  similar  to  that  observed  In  the  altitude  facilities. 

A  reason  for  this  large  shift  in  TUAF  rotor  speed  ratio  may  be  due  to  an  expected  pressure  distortion  at  the  compressor  inlet  caused 
by  the  close  proximity  of  the  facility  vortical  inlet  to  the  engine  face.  As  the  detailed  pressure  measurements  were  not  recorded  in  TUAF, 
this  hypothesis  cannot  be  confirmed. 

As  in  the  altitude  case,  CEPr  shows  a  significant  separation  between  the  points  from  the  two  data  scans  at  each  power  setting.  This 
separation  indicates  that  the  engine  had  not  reached  thermal  equilibrium  (see  Section  18.2.1  of  Ref.  2).  and  could  account  for  these  and 
other  differences. 

The  NAPC  data  lie  slightly  above  the  CEPr  values  but  below  those  of  NRCC  and  AEDC  which  show  very  good  agreement,  it  was 
shown  that  thermal  stability  was  a  problem  at  CEPr,  however  this  was  not  the  case  at  NAPC.  The  difference  of  0.4  %  is  just  within  the 
uncertainty  limita  of  NHR.  However,  given  that  systematic  cycle  rematch  could  account  for  about  a  0.3%  change,  the  remaining  difference 
is  well  within  the  measurement  uncertainty  (0.2  -  1 .8%). 

2.2  Temperature  Ratio 

The  engine  pumping  characteristic,  or  temperature  ratio  vereus  pressure  ratio  is  shown  in  Figure  2.  The  maximum  spread  of  1.t% 
(2.5%  including  TUAF)  is  less  than  that  seen  in  the  altitude  facility  comparisons  (1 .5  •  2.0%  at  unity  ram  ratio).  TUAF  data  are  not  directly 
comparable  due  to  the  limited  sampling  at  Station  7.  (See  Section  4.4  of  Ref.  2). 

Values  of  T7Q2  measured  at  CEPr  and  AEDC  agree  within  0.5%.  The  difference  between  NRCC  and  AEDC  or  CEPr  is  most  likely 
caused  by  the  method  of  computing  77  from  point  measurements.  At  NRCC,  a  large  number  of  thermocouples  progressively  became 
unserviceable  during  the  course  of  the  test  As  the  procedure  for  accounting  for  unserviceable  thermocouples  in  a  highly  non-homogeneous 
flow  field  was  not  the  same  at  all  facilities  (see  Appendix  VI  of  Ref.  2),  the  derived  T7  could  be  significantly  different. 

The  addition  of  NAPC  data  created  two  distinct  groups:  CEPr  with  AEDC  and  NRCC  with  NAPC.  The  reason  given  for  NRCC  deviation 
was  the  treatment  accorded  to  failed  T7  instrumentation.  The  determination  of  P7  at  NAPC  was  not  in  accordance  with  the  test  plan  as  only 
two  of  the  four  rakes  were  used.  Given  that  the  pressure  profile  was  highly  non-homogeneous,  any  comparison  using  NAPC  data  is  not 
valid.  However,  the  differences  of  1.1%  between  the  facilities  were  well  within  the  uncertainty  band  (0.9  -  1 .8%). 

2.3  Airflow 

Corrected  engine  airflow  (WA1 R)  measured  by  the  facility,  as  a  function  of  corrected  low-pressure-compressor  rotor  speed,  is  presented 
as  Figure  3.  The  spread  at  the  mid-thrust  point  was  1 .8%  (4.8%  with  TUAF).  The  highest  value  of  WA1 R  was  obtained  from  TUAF,  the  lowest 
from  NRCC.  AEDC  values  were  In  cloee  agreement  with  CEPr  and  lie  about  mid-way  between  the  two  extremes.  It  should  be  noted  that 
for  purposes  of  this  comparison,  the  reference  value  of  airflow  (WA2R)  measured  at  TUAF  was  inserted  as  WA1 R.  as  a  facility  measurement 
for  airflow  was  not  available. 

The  analysis  presented  in  Section  14.4  of  Ref.  2  through  the  use  of  flow  functions,  clearly  demonstrated  that  AEDC  had  consistently 
good  agreement  (0.5%)  between  the  two  air  metering  locations,  WA1 R  and  WA2R.  CEPr  had  a  difference  of  approximately  1 .3%,  and  NRCC 
2.0%,  which  waa  attributed  to  a  known  measurement  problem  at  Station  1.0  (WA1R).  Based  on  the  flow  functions,  and  the  data  in  Figure 
3,  it  can  be  inferred  that  the  airflow  measured  at  AEDC  must  have  been  reasonably  close  to  the  true  value.  NRCC  confirmed  that  their  airflow 
was  between  1 .0  and  1 .5%  low  because  of  difficulty  in  determining  the  discharge  coefficient. 

The  NAPC  WAlR  data  deviated  in  shape  from  the  other  facilities,  especially  at  the  extremes.  A  possible  explanation  for  the  unique 
shape  of  the  NAPC  data  may  lie  in  the  short  inlet  section  which  results  in  sharp  Station  1 .0  pressure  profiles  as  a  function  of  engine  power 
setting.  Wind  gusts  also  contributed  to  the  problem  as  both  the  magnitude  and  direction  changed  throughout  the  test  sequence,  introducing 
additional  errors. 

Discounting  TUAF  and  NRCC  values  due  to  defined  problems,  the  agreement  is  better  than  0.5%,  well  within  the  estimated 
measurement  uncertainty  (0.6  - 1.5%). 

2.4  Fuel  Flow 

Corrected  engine  fuel  flow  (WFR),  as  a  function  of  corrected  high  rotor  speed  is  presented  in  Figure  4.  The  performance  trends 
measured  by  all  four  facilitiee  are  consistent,  but  exhibit  significant  differences  in  level.  At  a  given  value  of  NHR  the  maximum  spread  is 
3.5%  (6%  with  TUAF).  The  CEPr  data  exhibited  a  considerable  degree  of  scatter  probably  caused  by  engine  thermal  instability.  The 
agreement  between  NRCC  and  AEDC  was  1.0  *  1.3%,  and  between  NRC  and  NAPC  0  -  0.5%,  depending  upon  the  power  setting. 

The  comparison  between  the  reference,  engine  mounted  meters  and  the  facility  fuei  measurements,  is  dealt  with  in  Section  15  of  Ret. 
2.  It  waa  shown  that  the  agreement  between  the  two  systems  was  very  good,  0.3  -  0.6%  for  AEDC  and  NRCC,  and  1 .0%  for  CEPr.  TUAF 
did  not  have  a  facility  fuei  flow  measurement 

Evaluation  of  fuel  properties,  lower  heating  value  and  specific  gravity  added  an  additional  difference  of  up  to  0.35%  (Appendix  VII  of 
Ref.  2).  There  were  also  some  cycle  rematch  effects  as  seen  in  Figure  1.  Considering  these  effects,  and  that  the  declared  measurement 
uncertainty  ranged  from  0.9  -  2.5%,  this  agreement  is  quite  good. 
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2.5  Net  Thrust 

Corrected  net  thrust  u  a  function  of  engine  pressure  ratio  (P7Q2)  Is  displayed  as  Figure  5.  Discounting  NAPC  data,  the  maximum 
spread  is  0.7%  (2.5%  with  TUAF)  which  is  considerably  less  than  the  3  to  4%  seen  in  the  altitude  facilities  at  a  ram  ratio  of  unity.  There  are 
no  discernabte  effects  of  inlet  temperature  mismatch  from  standard  conditions  (T2  =  288  K).  NAPC  data  for  P7  were  not  valid  as 
measurements  from  only  two  of  the  four  pressure  rakes  were  recorded. 

In  spite  of  this  good  agreement,  there  were  known  problems  In  the  sampling  of  P7,  as  swirl  effects  and  failed  or  leaky  probes 
considerably  increased  the  uncertainty  of  the  P7  measurement  Studies  of  gross  thrust  using  nozzle  coefficients  and  PS7  in  Section  13  of 
Ref.  2,  more  clearly  separated  out  the  facility  thrust  measurements.  Comparing  nozzle  coefficients,  the  spread  increased  from  0.7%  to  almost 
2.0%,  bounded  by  AEDC  at  the  high  end,  and  NRCC  at  the  bottom.  The  main  reason  for  this  increase  was  in  the  definition  of  ambient 
pressure  in  an  enclosed  cell,  and  in  the  method  of  thrust  accounting.  Details  of  the  accounting  procedure  are  in  Appendix  VIII  of  Ref.  2. 
For  the  UETP,  the  effect  of  redefining  the  thrust  accounting  in  the  NRCC  facility  was  to  increase  net  thrust  by  almost  1 .0%. 

With  the  known  inadequacies  in  the  ground-level  thrust  data  and  P7  measurements,  comparisons  of  FNR  against  P7Q2  are  not 
considered  valid. 

2.6  Specific  Fuel  Consumption 

Corrected  fuel  consumption  (SFCR)  as  a  function  of  corrected  net  thrust  (FNR)  is  shown  in  Figure  6.  The  performance  trends  from 
all  facilities  were  consistent  (curve  slopee  similar)  except  for  data  from  TUAF  which  indicate  a  decreasing  SFCR  level  with  increasing  FNR, 
crossing  the  other  facility  curves  at  the  higher  thrust  levels.  The  spread  in  SFCR  at  FNR  «  33  kN  was  1 .8%  bounded  by  NRCC  and  AEDC 
(3.0%  with  TUAF). 

The  SFCR  data  for  NAPC  exhibited  a  very  large  degree  of  scatter,  in  some  cases  up  to  1 .3%  for  back-to-back  points.  Again,  H  appears 
that  the  wind  gusts  affected  the  scale  force  thrust  be  altering  the  inlet  momentum  and  the  scrubbing  drag  on  the  test  bed.  With  such  scatter 
it  is  difficult  to  compars  using  curve  fits,  but  the  actual  data  points  are  still  bounded  by  those  obtained  at  AEDC  and  NRCC.  The  spread 
of  data  between  AEDC  and  NRCC  (1  8%)  is  just  within  the  declared  uncertainty  band. 

The  problems  with  defining  FNR  in  the  previous  section  effects  the  SFCR  calculation.  Using  the  revised  FNR,  the  difference  in  the 
SFCR  spread  between  NRCC  and  AEDC  has  been  reduced  from  1 .8  to  1 .2%  (Figure  7),  and  from  1 .0  to  0.3%  between  NRCC  and  NAPC. 
This  agreement  ia  considered  very  good. 

2.7  Summary  of  Ground-Level  Facility  Differences 

Engine  SN  615037  wae  tested  at  four  ground-level  facilities,  one  of  them  an  open-air  teat  bed,  and  at  an  altitude  facility  operated  at 
SIS  conditions.  The  comparisons  in  the  UETP  were  originally  conducted  without  the  benefit  of  the  open-air  bed  data  from  NAPC,  but 
subsequent  inclusion  did  not  alter  the  dlfferencee.  In  fact  the  data  were  crucial  to  rationalizing  the  discrepancies  in  the  thrust  accounting 
methodology  in  the  enclosed  ground-level  facilities. 

The  figures  in  this  lecture,  extracted  from  Appendix  VIII  of  Ref.  2,  were  used  as  they  incorporated  the  NAPC  data.  There  are  some 
differences  in  the  percentage  spread  computed  for  Appendix  VIII  compered  to  those  quoted  in  Section  9  and  16  of  Ref.  2.  Those  listed  in 
this  paper  end  Appendix  Vlli  are  to  be  taken  as  correct  for  they  were  systematic  ally  computed  for  ail  the  ground-level  facilities  based  on 
second-order  curve  fits  of  declared  data.  The  tabulated  results,  with  corrections  incorporated,  are  displayed  as  Figure  8.  As  a  reference, 
the  estimated  uncertainty  band  is  listed  for  each  parameter. 

In  general,  the  data  agreement  le  quite  good.  Known  anomalies  have  been  identified,  and  when  duly  considered,  virtually  ell  data 
agree  within  the  declared  uncertainty  limits. 

3  Ground-Cftvttl/Altltude  Facility  Comparisons 

The  ground-level  to  altitude  facility  comparisons  are  based  on  data  from  Engine  807594  acquired  af  NASA,  AEDC,  RAE(P),  CEPr  and 
NRCC.  With  the  exception  of  NASA,  all  the  altitude  facility  data  related  to  an  inlet  temperature  of  288  K.  Because  Test  Condition  3  (TC  3) 
for  Engine  807594  was  omitted  by  NASA  due  to  e  restricted  test  window,  TC  4  (308  K)  wae  substituted.  In  view  of  this  difference  end  the 
uncertain  magnitude  of  its  effect  on  the  levels  of  the  parameters  considered,  the  NASA  data  were  disregarded  when  evaluating  percentage 
spreads.  However,  to  prevent  misrepresentation  of  facility  test  capability,  the  NASA  data  were  Included  in  the  facility  comparisons. 

The  data  from  all  altitude  facilities,  except  AEDC,  required  use  of  the  UETP  equations  to  adjust  the  data  from  the  as-tested  inlet  pressure 
of  82.7  kPa  to  the  ttMndsrd  see- lev  el  value  of  101.3  fcPa.  While  these  adjustments  could  introduce  discrepancies  (see  Sections  13  end  16 
of  Ref.  2)  H  was  judged  that  the  discrepancies  would  be  negligibly  small  at  the  high  pressure  condition. 

In  Section  2.0  of  this  paper,  data  from  engine  SN  61 5037,  obtained  at  the  AEDC  altitude  facility  operating  at  sea-level-static  conditions, 
were  Included  in  the  comparison  of  ground-level  facilities.  It  was  shown  that  N  all  identified  anomalies  were  accounted  for,  the  overall 
agreement  wae  very  good. 

Having  compared  AEDC  measurement  capabilities  for  engine  61 5037,  another  comparison  opportunity  was  created  for  engine  007594. 
As  well  as  AEDC,  data  from  two  additional  altitude  facilities  wars  available,  CEPr  and  RAE(P),  all  operating  at  TC  3  (82.7  kPa,  1 .00  RPR, 
288  K).  AEDC  also  obtained  data  at  SL8  conditions,  TC  1 1 ,  and  in  this  comparison,  both  data  sets  were  used  to  assess  the  suit  ability  of 
the  normalization  equations  provided  In  the  OTP.  CEPr  tested  the  same  engine  in  the  altitude  facility  at  TC  3,  and  in  a  ground-level  test 
bed  at  TC  11.  These  data  wilt  be  discussed,  as  they  presented  an  opportunity  for  a  direct  'In-house*  comparison  of  msasuremsnt 
procedures. 

In  the  figures  that  follow,  data  from  AEDC  TC  3  are  not  shown;  they  wiH  however  be  used  In  the  discussion  where  relevant.  NASA  TC  4 
data  are  Illustrated,  but  are  not  included  in  computing  the  percentage  data  spread, 
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Ref.  2  does  not  provide  a  direct  comparison  of  AEDC  TC  3  and  TC  1 1 .  Since  attitude  to  ground-levef  test  bed  data  are  normalized 
from  TC  3  to  TC  1 1,  it  must  be  demonstrated  that  the  equations  are  valid.  Figure  9  illustrates  the  percentage  difference  of  each  parameter 
pair  using  AEDC  TC  1 1  measurements  as  the  datum.  Values  for  the  parameter  pairs  were  computed  at  approximately  the  mid-thrust  point 
using  second-order  polynomial  fitted  data,  as  provided  by  NASA. 

3.1  Rotor  Speed  Ratio 

Rotor  speed  ratio,  presented  as  Figure  10,  shows  a  spread  similar  to  that  observed  in  the  ground-level  comparison  in  Section  2.1. 
Again,  a  very  significant  scatter  in  CEPr  date  was  observed  in  both  facilities,  and  is  attributed  to  inadequate  thermal  stabilization  of  the 
engine.  Agreement  for  AEOC  between  the  two  test  conditions  is  within  0.25%,  in6ide  the  declared  measurement  uncertainty  band.  With 
the  exception  of  CEPr  TC  3,  both  ground-level  facilities  were  tower  than  the  attitude  ones.  The  overall  spread,  including  CEPr  data  is  0.5%. 

3.2  Temperature  Ratio 

Temperature  ratio  as  a  function  of  pressure  ratio,  Figure  1 1 ,  is  bounded  at  the  high  end  by  CEPr  TC  3  and  at  the  low  end  by  NRCC. 
CEPr.  again  with  significant  data  scatter,  has  a  difference  of  1 .3%  between  their  two  facilities,  whereas  AEOC  demonstrated  a  0.4%  bias 
between  the  two  test  conditions.  In  both  CEPr  and  AEDC,  the  results  obtained  at  TC  1 1  conditions  were  lower  than  those  at  TC  3. 

There  were  difficulties  with  both  T7  and  P7  measurements,  as  discussed  in  Section  2.2,  accounting  for  some  of  the  differences.  The 
overall  spread  of  2.3%  is  relatively  large,  but  the  quality  of  the  measurements  do  not  lead  to  credible  conclusions. 

3.3  Airflow 

The  airflow  spread,  2.5%,  is  slightly  larger  than  that  observed  in  the  previous  comparisons  (Figure  12).  A  bias  in  the  TC  1 1  data  relative 
to  TC  3  at  CEPr  (2.0%)  puts  in  question  the  measurement  accuracy  at  TC  1 1  (see  Figure  9).  AEDC  showed  a  difference  of  0.4%  between 
these  two  conditions.  Discounting  CEPr  TC  1 1  airflow,  the  spread  reduces  to  1 .4%.  NRCC  had  problems  establishing  a  flow  coefficient, 
and  consequently  declared  their  airflow  as  low  by  about  1 .0%.  Notwithstanding  this  problem,  the  spread  between  facilities  is  within  the 
measurement  uncertainty. 

3.4  Fuel  Flow 

Fuel  flow  as  a  function  of  corrected  high  rotor  speed  is  shown  as  Figure  13.  The  indicated  spread  groups  CEPr  at  the  low  end  and 
the  remaining  facilities,  tightly  grouped,  at  the  h<gh  end.  In  addition  to  this  bias  in  excess  of  2%,  CEPr  showed  a  large  degree  of  data 
scatter,  putting  in  doubt  the  validity  of  their  data.  AEDC  TC  11,  RAE(P)  and  NRCC  agreed  to  within  0.5%,  which  is  excellent  agreement. 
AEDC  TC  3  was  1%  higher  than  TC  11,  but  as  this  difference  is  within  the  measurement  uncertainty  (±1.25%),  no  further  significance  is 
accorded. 

3.5  Net  Thrust 

Net  thrust.  Figure  14.  exhibits  quite  a  wide  spread,  up  to  5%,  bounded  on  the  high  side  by  CEPr,  and  the  low  side  by  NRCC.  In 
Section  2.5,  it  was  stated  that  NRCC  values  are  known  to  be  about  1 ,0%  low  by  using  the  QTP  equations.  When  proper  account  is  made 
for  this  anomaly,  NRCC  would  be  about  0.7%  lower  than  AEDC  TC  1 1 ,  which  is  well  within  the  measurement  uncertainty.  CEPr  consistently 
showed  variance  between  TC  1 1  end  TC  3,  a  difference  of  up  to  2%,  the  attitude  cell  indicating  high. 

3.6  Specific  Fuel  Consumption 

Specific  fuel  consumption  plotted  against  net  thrust  is  displayed  as  Figure  15.  AEDC  indicated  the  lowest  SFC,  and  it  in  relatively 
good  agreement  for  both  TC  3  and  11,  differing  only  by  the  fuel  flow  parameter,  CEPr  showed  good  agreement  between  TC  3  and  TC  1 1 , 
and  with  AEDC.  The  high  thrust  and  low  fuel  flow  values  offset  each  other  to  achieve  this  result  NRCC  is  high  as  a  result  of  the  low  thrust 
discussed  in  Section  3.5.  The  difference  between  AEOC  end  RAE(P)  was  attributed  to  the  higher  values  of  thrust  at  AEDC,  as  was  discussed 
in  Section  13  of  Ref.  2. 

3.7  Summary  of  Ground-Level  and  Attitude  Facility  Differences 

fn  general,  the  dote  show  that  the  highest  values  of  dependent  parameters  are  attributed  to  attitude  facilities,  and  the  lowest  to  a 
ground-level  facility.  A  comparison  of  AEDC  data  at  two  test  conditions  did  show  some  consistent  differences,  end  with  the  exception  of 
airflow,  TC  1 1  always  indicated  a  lower  value,  albeit  within  the  declared  measurement  uncertainty. 

The  CEPr  data  were  surprising  in  themselves,  as  there  were  not  only  large  biases  compared  to  the  other  test  facilities,  but  also  large 
biases  between  their  own  ground-level  end  attitude  facility,  In  most  cases  overshadowing  inter-facility  differences. 

Considering  the  known  anomalies  in  NRCC  airflow,  and  the  thrust  accounting  procedures,  NRCC  data  compare  favourably  with  the 
other  test  agencies,  all  parameters  being  within  the  declared  measurement  uncertainties. 

A  table  summarizing  the  ground-level  to  attitude  differences  is  shown  as  Figure  16,  and  for  reference  Figure  17  generalizes  the  results 
from  all  the  inter-facility  comparisons. 
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Figure  7  Specific  fuel  consumption  -  corrected  -  SN  615037 


Ground-Level  Bed  Comparison  (SLS  Conditions)  (NRCC,  CEPr,  TUAF,  NAPC,  AEDC)* 

SN  615037 

Engine  Parameter 
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Percentage  Spread 
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(1.5) 

1702 

t.t 

0.9  to  1.8 

Spread  affected  by  failure  of  T7 

(P7Q2) 

(2.5) 

thermocouples  at  NRCC 

WA1R 
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0.6  to  1 .5 

NRCC  airflow  low  by  1  -  1.5% 

(NLH) 

(4.0) 

WFR 

3.5 

0.9  to  2.5 

Spread  reduced  to  1 .3%  when  CEPr  values 

(NHR) 

(60) 

removed 

FNR 

0.7 

1.0  to  2.3 

FNR  Incorrectly  defined  •  see  Appendix  VIII. 

(P7Q2) 

(2.5) 

NAPC  value  not  included 

SFCR 

1.8 

1.5  to  3.5 

FNR  Incorrectly  defined  •  see  Appendix  VIII. 

j  (FNR) 

(3.0) 

Agreement  to  within  1.2% 

*  Tests  in  AEDC  altitude  cell  at  standard  sea-level  static  conditions  included  for  comparison 


Figure  8  Summary  of  Ground-Level  Bed  Differences 


Engine 

Parameter 

(Independent 

Variable) 

Overall  Spread 
at  mid-thrust 
(Percent) 

Comments 

NLQNH 

(NHRD) 

0.5 

T7G2 

(P7Q2) 

2.3 

Spread  affected  by  failure  of  T7  thermocouples  at  NRCC 

WA1R 

2.5 

NRCC  airflow  low  by  1 .0  - 1 .5% 

(NLRD) 

CEPr  TC  1 1  In  doubt 

WFR 

(NHR) 

3.4 

CEPr  has  2.0%  bias,  remaining  facilities  in  excellent  agreement 

FNR 

5.1 

Spread  reduced  to  3.0%  H  CEPr  (Alt) 

(P7Q2) 

non-equilibrium  values  removed.  NRCC  known  to  be  1%  low 

SFCR 

(FNR) 

2.8 

Max  spread  Is  between  NRCC  (GL)  highest  and  AEDC  (Alt)  lowest 

Figure  16  Ground-level  to  altitude  facility  comparisons  -  SN  607594 


Percentage  spread  in  performance  parameters  at  mid-thrust  point 
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_ _ 
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P7Q2 

NLR 
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P7Q2 
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Ground-level  facilities* 

0.5 

1.1 

1.9 

3.5 

0.7 

1.8 

Ground-level  facilitlest 

SN  615037 

1.5 

2.5 

4.0 

6.0 

2.7 

3.0 

_ 
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NLQNH 

T7Q2 

WA1RD 

WFRD 

FNRD 
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Independent  variable 

NHRD 

P7Q2 

NLRD 
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P7Q2 

FNRD 

Altitude  and  ground-level 
facilities 

SN  607594 

0.5 

2.3 

i — m_ . a 

2.5 

3.4 

5.1 

2.8 

*  Excluding  TUAF 
t  Including  TUAF 


Figure  17  Summary  of  inter-facility  comparisons 
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MEASUREMENT  UNCERTAINTY  IN  GAS  TURBINE  PERFORMANCE  DETERMINATION 


J.P.K.  Vleghert 

National  Aerospace  Lab  (NLR)  (rtd) 
POB  90502,  1006  BM  Amsterdam,  NL 


SUMMARY 

A  pre-test  estimate  of  Data  Uncertainty  shows  up  weak  links  in  the  data  chain  and  serves  as  a  yardstick  to 
judge  whether  observed  differences  in  measured  data  are  significant.  On  the  other  hand  post-test  analysis 
is  essential  to  identify  data  validity  problems. 

The  uncertainty  estimates  are  based  on  the  Abernethy  concept,  which  splits  total  uncertainty  in  precision 
and  bias. 

With  the  help  of  an  Error  Audit  four  types  of  elemental  errors  are  estimated  for  each  of  five  Basic  Physi¬ 
cal  Parameters.  This  error  is  then  propagated  to  the  Engine  Performance  Parameters,  and  from  there  to  the 
Target  Values  on  which  the  comparison  is  based. 

Values  for  predicted  errors  are  compared  between  the  participating  facilities  and  reasons  for  discrepancies 
are  discussed. 

Please  see  note  about  additional  material  on  p.7-7. 

I  INTRODUCTION 

For  accurate  determination  of  the  performance  of  a  gas  turbine  it  is  desirable  to  do  a  number  of  measure¬ 
ments,  preferably  under  different  conditions.  The  results  should  be  referred  to  standard  conditions,  making 
use  of  thermodynamic  relations.  Thus  the  results  of  different  measurements  can  be  compared.  If  any  observed 
differences  are  larger  than  the  previously  estimated  Data  Uncertainty  Limits,  the  measurement  process 
should  be  checked  for  errors.  But  even  if  perfect  agreement  is  obtained,  the  final  result  may  still  differ 
from  the  true  value;  there  may  be  an  offset  or  bias.  This  may  show  up  if  the  test  is  repeated  at  a  later 
date  or  in  a  different  facility.  However  it  is  not  possible  to  find  out  what  is  the  true  value;  only 
whether  observed  differences  are  significant.  That  means  the  differences  are  true  in  so  far  that  either 
the  gas  turbine,  or  the  measurement  technique,  or  both,  have  altered.  A  third  possibility  is  that  the 
error  estimate  was  too  optimistic:  if  a  larger  error  is  allowed  the  results  could  still  be  compatible. 

It  is  not  always  possible  to  rely  on  previous  experience  for  the  estimated  Data  Uncertainty  Limits;  the 
make-up  of  data  collection  and  processing  can  be  different.  Therefore  existing  data  on  uncertainty  must  be 
broken  down  to  basic  principles  and  then  reassembled  to  fit  the  case  under  consideration.  A  pre-test 
assessment  is  important  as  it  will  show  up  weak  points  in  the  data  collection  chain,  if  there  are  any.  On 
the  other  hand  it  is  essential  to  conduct  a  post  test  analysis  to  identify  possible  data  validity  problems. 

The  process  of  estimating  uncertainty  limits  consists  of  splitting  the  error  in  scatter  and  bias,  determi¬ 
ning  both  for  a  number  of  basic  physical  parameters  and  propagating  the  possible  errror  to  the  final 
result.  Test  analysis  entails  calculating  the  end  results  in  a  number  of  different  ways,  using  redundant 
information  from  the  actual  measurement  data.  By  comparing  these  end  results  it  can  be  checked  whether  the 
pre-test  error  estimate  covers  existing  discrepancies,  and  If  not,  which  parameter  is  at  fault.  A  prerequi¬ 
site  is  that  obvious  mistakes  in  the  data  processing  must  have  been  corrected  or  removed. 

This  report  handles  the  error  estimating  technique  used  for  the  AGARD  Uniform  Engine  Test  Program  (UETP), 
it  gives  values  for  the  predicted  Uncertainty  Limits,  and  it  compares  Error  Limit  Estimates  for  the  diffe¬ 
rent  participating  facilities.  It  also  gives  some  of  the  reasons  for  discrepancies  in  these  estimates,  and 
indicates  a  number  of  ways  in  which  to  check  the  end  results  for  the  post  test  analysis. 


2  METHODOLOGY 

Uncertainty  estimates  are  based  on  the  Abernethy  concept,  which  split*  total  Uncertainty  in  two  aspects; 
precision  and  bias.  Precision,  or  random  variation,  scatter,  is  visible  in  a  single  series  of  experiments 
and  can  be  determined  statistically.  This  error  reduces  with  an  increasing  number  of  data  points.  Bias,  or 
systematic  variation,  offset,  is  constant  for  a  single  series  of  experiments  and  only  shows  up  when  several 
series  are  compared,  and  then  not  necessarily  to  its  full  extent. 

Whether  a  certain  error  is  called  precision  (s)  or  bias  (b)  depends  on  the  extent  of  the  experiment,  the 
Defined  Measurement  Process  (DMP).  Calibration  scatter  reduces  to  an  uncertainty  in  the  calibration  curve, 
which  is  a  "fossilized"  error,  a  bias,  in  the  further  experiment.  However  it  is  not  the  only  bias,  an 
unknown  offset  In  the  master  instrument  introduces  a  further  bias  element.  Likewise  scatter  in  any  interme¬ 
diate  result  may  transform  into  a  bias  element  further  on  in  the  calculation.  There  were  marked  differences 
between  the  facilities  in  their  nomenclature  of  errors.  This  does  not  really  matter  as  long  as  these 
differences  are  observed  consistently  throughout  the  estimation  procedure.  It  does  result  however  in  detail 
error  estimates  not  always  being  comparable. 

For  the  UETP,  different  DMP's  were  employed  by  each  of  the  test  facilities  to  make  pre-test  error  predicti¬ 
ons,  assessment  and  post  test  analysis.  For  instance,  the  RAE(P)  OMP  covers  the  uncertainty  prediction  and 
assessment  of  a  single  engine  performance  curve  fitted  (by  least  squares)  to  the  test  results  for  the 
nine  engine  power  settings  at  a  specified  test  condition.  RAE(P)'s  estimated  Precision  Inde*  is  based  on 
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the  predicted  data  scatter  that  will  occur  about  a  curve  fit  through  the  nine  power  settings.  The  predicted 
Precision  Index  is  then  verified  by  a  post  test  determination  using  a  third  order  curve  fit  through  the 
test  data  and  observing  the  residual  standard  deviation  about  the  curve  fit.  Using  the  RAE(P)  DMP,  diffe¬ 
rences  between  a  collection  of  curves,  representing  different  test  conditions  and  day-to-day  variations, 
are  classified  as  bias. 

In  contrast,  the  DMP  used  at  AEDC  for  the  UETP  is  based  on  the  results  of  the  overall  measurement  program 
for  a  given  installation.  Therefore  estimates  of  the  Precision  Index  at  AEDC  reflect  the  variations  in  the 
test  results  at  the  mid-thrust  point,  at  a  specified  test  condition  for  a  given  measurement  system  and 
test  installation.  They  also  include  the  variations  that  may  result  from  tests  on  different  days.  Only  the 
differences  resulting  from  different  measurement  systems  are  classified  as  bias. 

Precision  and  bias  are  kept  separate  throughout  the  error  estimation  procedure,  only  in  the  last  step  they 
are  combined  into  a  single  number,  the  Error  Limit  Estimate.  This  must  be  a  relevant  combination  of  bias 
and  precision.  The  latter  value  is  a  statistic,  which  lends  itself  to  the  calculation  of  confidence  limits, 
within  which  the  actual  value  can  be  reasonably  expected  to  lie,  in  the  absence  of  bias  error?;.  It  is 
however  impossible  to  define  a  single  rigorous  statistic  for  the  total  error,  because  bias  is  an  upper 
limit,  which  has  unknown  characteristics,  and  is  to  some  extent  dependent  on  engineering  judgement.  In 
fact  the  bias  error  can  be  thought  of  as  the  error  remaining  after  corrections  from  the  post  test  analysis 
have  been  exhausted.  A  working  solution  for  the  Error  Limit  Estimate  (or  Uncertainty  Interval)  is  given  in 
Section  3.7 


3  UNCERTAINTY  PREDICTION  PROCEDURE 


3.1  DATA  SEQUENCE 

Basically  a  single  measuring  chain  stretches  from  the  flow  field  via  probe  and  connecting  line  to  the 
transducer,  and  from  there  usually  via  an  electric  1 ine-sometimes  pre-ampl if ied-  to  multiplexer,  amplifier, 
signal  conditioner  and  A/D  convertor,  to  be  recorded.  This  measurement  chain  varies  for  each  of  the  Basic 
Physical  Parameters,  which  are  force,  pressure,  temperature,  pulse  rate  (giving  RPM  and  Fuel  Flow)  and 
area  (giving  total  force  from  pressure  measurement) 

Afterwards  the  signal  is  played  back,  an  instrument  calibration  applied,  and  often  a  number  of  single 
measurements  are  combined  to  determine  a  value  representative  for  the  flow  field,  usually  by  averaging  in 
space  and/or  time.  These  Basic  Measurements  are  then  used  to  calculate  the  Engine  Performance  Parameters 
(EPP),  which  are  in  referred  form  and  constitute  the  end  product  of  the  measurement,  e.g.  WA1RD  =  WA 
SQRTfT2/286)/(P2/101325) 

Each  dependent  EPP  can  be  given  as  a  function  of  an  independent  parameter  which  can  be  chosen  at  will 
(usually  RPM  or  EPR).  For  comparison  either  within  or  between  facilities  it  is  necessary  to  determine  a 
Target  Value  of  each  dependent  parameter.  This  requires  an  interpolation  procedure,  as  it  is  not  possible 
to  set  the  exact  test  condition  and  engine  power. 


3.2  ERROR  PROPAGATION 

Each  step  in  the  above-meotioned  data  sequence  contributes  to  the  overall  data  error  in  its  own  specific 
way.  An  overview  is  given  below,  each  step  is  detailed  in  the  following  sections. 

The  first  step  is  to  assess  the  elemental  errors  for  a  single  measurement  of  each  basic  physical  parameter. 
These  errors  are  organized  in  four  categories.  Each  item  should  be  assessed  separately  for  bias  and  preci¬ 
sion;  total  bias  and  precision  is  then  calculated  by  Root-Sum-Square  (RSS)  addition. 

Some  aspects  of  the  error  in  the  effective  flow  field  value  or  Basic  Measurement  are  influenced  by  the 
number  of  single  measurements  incorporated. 

The  next  step  is  to  propagate  the  error  in  each  basic  measurement  to  the  Engine  Performance  Parameter. 

This  is  done  by  multiplying  the  b  and  s  values  by  the  appropriate  Influence  Coefficient  (IC).  The  overall 
effect  on  the  EPP  is  found  by  RSS  addition.  An  important  condition  to  justify  RSS  combination  is  that  each 
item  must  be  independent,  this  is  sometimes  not  the  case  when  there  are  common  calibration  errors. 

The  error  in  the  Target  Value  again  partly  depends  on  the  number  and  disposition  of  the  points  used  in  the 
interpolation  procedure.  This  aspect  can  be  given  by  the  Random  Error  Limit  of  Curve  Fit  (RELCF).  Another 
error  element  is  introduced  because  the  Target  Value  is  read  from  a  curve  at  a  chosen  value  of  the  indepen¬ 
dent  variable,  which  itself  is  not  error-free.  This  is  the  Curve  Shift  effect. Apart  from  that  the  Target 
Value  has  its  own  bias  error. 

Finally  the  total  Error  Limit  must  be  assessed  by  combining  b  and  s. 


3.3  ELEMENTAL  ERROR  CATEGORIES 

The  Abernethy/ Thompson  method  described  in  Ref.  2  details  the  evaluation  of  the  elemental  errors.  These 
can  be  grouped  in  four  categories  for  each  measurement  chain.  However  the  groups  defined  in  Ref.  2  were 
too  general  in  scope  for  the  purpose  of  a  detailed  assessment  of  the  facility  measurement  uncertainties. 
Therefore  a  separate  Error  Audit  was  made  up  for  each  basic  physical  parameter,  which  lists  the  errors 
expected,  but  not  necessarily  in  the  order  or  in  the  subdivision  as  given  in  Ref.  2  .  An  example  (for 
force)  is  given  in  Table  3-1.  For  the  purpose  of  explanation  the  categories  of  Ref.  2  are  used  in  the 
underneath  overview. 


3.3.1 


CALIBRATION 
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Calibration  errors  are  incurred  because  of  hysteresis,  drift  and  sensitivity  of  the  instrument  being 
calibrated.  Also  the  calibration  procedure,  curve  fit  and  resolution  have  an  influence.  Usually  the  instru¬ 
ment  is  calibrated  against  a  Work  Standard,  the  calibration  of  which  should  be  traced  back,  ultimately  to 
the  National  Standard,  in  steps  via  a  Laboratory  Standard  and  a  Transfer  Standard.  This  is  called  the 
Calibration  Hierarchy.  In  each  step  the  original  bias  of  the  less  accurate  instrument  is  replaced  by  the 
(smaller)  error  of  the  curve  fit  (see  Section  3.6)  combined  with  possible  drift  in  time  or  due  to  calibra¬ 
tion  conditions  (temperature  effect)  In  order  to  trace  these  it  is  advisable  to  compare  a  number  of  cali¬ 
brations  done  some  time  apart,  say  every  6  months. 

3.3.2  DATA  ACQUISITION 

These  errors  can  be  caused  by  slight  variations  in  exciter  voltage,  outside  influences  on  data  transmission 
and  on  the  transducer,  signal  conditioning  and  recording.  This  results  in  non-repeatability.  Sensor  hyste¬ 
resis  could  be  allowed  for  if  the  measuring  history  is  known,  but  this  is  usually  not  a  practical  proposi¬ 

tion;  anyway  with  most  modern  instruments  hysteresis  is  small. 

Recording  of  the  output  of  a  single  transducer  is  usually  done  in  a  matter  of  milliseconds  or  even  less. 

To  prevent  aliasing  errors,  high-frequency  components  of  the  signal  have  to  be  eliminated  by  a  low-pass 
filter.  As  this  introduces  some  lag,  a  settling  time  has  to  be  allowed  in  the  case  that  a  number  of  probes 
is  multiplexed  on  to  a  single  transducer.  Usually  the  tube  transient  -  in  the  case  of  multiplexed  pressure 

channels  -  can  be  made  negligible  by  using  a  low-volume  transducer,  which  is  close-coupled  to  the  scanning 

valve.  Of  course  overall  faster  sampling  Is  possible  if  each  channel  is  allocated  to  a  separate  transducer. 
The  scatter  of  any  single  measured  point  can  be  reduced  by  taking  a  number  of  readings  during  a  dwell  and 
averaging  the  result. 

3.3.3  DATA  REDUCTION 

Resolution  errors  and  calibration  curve  fit  errors  can  usually  be  made  negligible,  compared  with  the  other 
categories.  As  an  error  of  half  the  biggest  error  elsewhere  only  contributes  10  Z  to  the  overall  error 
when  added  RSS,  it  is  not  effective  to  use  extreme  resolution  in  the  computational  hardware  and  software. 
Calibration  curve  fit  errors  can  be  minimized  by  choosing  the  appropriate  functional  relationship,  quali¬ 
fied  by  visual  and  numerical  inspection.  When  a  higher  than  second  order  curve  fit  is  used,  it  is  important 
that  the  calibration  points  are  spaced  evenly,  otherwise  the  densely  populated  part  may  introduce  a  cali¬ 
bration  bias  in  the  sparsely  populated  part. 

3.3.4  OTHER  EFFECTS 

These  do  not  quite  fit  in  with  the  above-named  categories  and  are  referred  to  by  different  names,  such  as 
Non-Instrui  ent  effects.  Sensor  System  errors.  Errors  of  Method,  etc.  In  general  they  are  concerned  with 
the  interaction  between  the  medium  and  the  measuring  chain.  They  are  usually  difficult  to  separate,  and 
unfortunately  often  rather  large.  Examples  are  the  sensitivity  of  pressure  probes  and  hole  patterns  to 
flow  angle,  and  the  variability  of  pressure-  and  temperature  patterns  over  the  cross  section  of  the  flow. 

A  possible  error  of  method  is  constituted  by  the  assumption  that  static  pressure  is  constant  over  the 
parallel  section  of  the  flow  area  in  the  engine  inlet. 

The  mechanics  of  the  thrust  stand  can  introduce  bias  and/or  precision  errors  in  the  thrust  stand  zero.  The 
transducer  zero  can  be  checked  mid-run  by  taking  up  the  load  separately,  but  the  thrust  stand  zero  can 
only  be  checked  in  quiescent  conditions,  and  then  may  be  different  from  the  value  during  the  run.  Pre-test 
and  post-test  zero  are  different,  and  it  is  usually  assumed  -  but  without  true  justification  -  that  the 
test  zero  lies  in  between. 

Fuel  flow  measuring  errors  can  occur  because  of  the  longitudinal  vortices  Induced  by  the  flow  turning  a 
corner  (Beltrami  flow);  these  vortices  can  be  difficult  to  suppress. 


3.4  BASIC  MEASUREMENT  ERROR 

The  precision  component  of  the  basic  measurement  error  will  be  reduced  with  a  larger  number  of  sampling 
locations;  generally  with  a  factor  equal  to  SQRT  n,  where  n  is  the  number  of  locations.  The  bias  error  is 
not  influenced  by  n,  however,  and  the  pattern  variation  can  introduce  extra  bias.  This  variation  can  be 
reduced  with  an  aperiodic  sample,  where  the  number  of  sampling  locations  is  chosen  deliberately  different 
from  the  natural  pattern  in  the  flow,  as  for  Instance  exists  behind  the  burners  in  the  combustion  chamber. 
Often  reproduceabi 1 ity  of  the  pattern  is  more  important  than  a  true  thermodynamic  average.  This  however 
m<.y  result  in  unrealistic  values  for  efficiencies  or  nozzle  factors. 

Failure  of  any  probe  in  a  multi-probe  sensor  system  can  alter  the  effective  average  value.  A  procedure  was 
used  to  interpolate  between  neighbouring  probes,  but  this  does  not  eliminate  the  error. 


3.5  ENGINE  PERFORMANCE  PARAMETERS 

The  General  Test  Plan  (Ref.l)  gives  the  standard  equations  used  to  calculate  engine  performance  parameters 
from  the  basic  measurements.  The  influence  of  an  error  in  any  basic  measurement  on  the  outcome  can  be 
determined  either  by  Taylor  series  expansion  or  numerically  by  perturbating  the  equation  for  a  difference 
in  that  parameter,  keeping  all  other  parameters  constant  at  their  nominal  value.  The  latter  method  is 
preferred  because  it  accounts  for  implicit  as  well  as  explicit  functional  relationships.  The  resulting 
Influence  Coefficient  is  expressed  as  the  percentage  variation  of  the  calculated  EPP  for  a  one  percent 
deviation  of  a  single  input  parameter  I 

Influence  Coefficient  IC  -  (deltaEPP  /EPP)/{deltaI  /I) 

For  small  perturbations  non-linearity  effects  will  be  insignificant,  but  the  value  of  IC  will  vary  over 
the  operating  range.  Bias  and  precision  of  the  EPP  can  be  determined  by  adding  the  product  IC  *  (deltal 
/I)  for  all  relevant  input  parameters  by  RSS  addition,  separately  for  b  and  s.  An  example  Is  given  in 
table  3-1.  Since  the  IC  depends  on  hardware  Installation  and  measurement  configuration,  direct  comparison 
between  facilities  Is  not  possible. 
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3.6  TARGET  VALUE 

The  Target  Value  of  an  EPP  must  be  read  from  a  correlation  against  the  chosen  independent  variable  (usually 
RPM  or  EPR)  at  a  chosen  value  of  that  variable.  Usually  this  is  done  for  each  test  condition,  which  -  for 
the  case  of  UETP  -  consists  of  nine  power  settings.  One  aspect  of  the  error  in  the  EPP  Target  Value  is 
given  by  the  Random  Error  Limit  of  Curve  Fit  (RELCF),  which  is  calculated  from  the  Residual  Standard 
Deviation  (RSD)  -  also  called  Standard  Error  of  Estimate  (SEE)-  of  the  points  relative  to  a  curve,  fitted 
by  the  method  of  least  squares.  In  calculating  RELCF  account  is  taken  of  the  number  of  points  and  their 
longitudinal  distribution;  in  so  far  that  mid-curve  the  error  is  smaller  than  towards  the  ends.  RELCF 
reduces  with  approximately  SORT  (n).  The  principle  of  the  method  is  detailed  in  Ref. 17 
RELCF  only  takes  account  of  the  scatter  during  the  one  test  condition;  also  precision  errors  may  exist 
which  cause  the  other  test  conditions  to  deviate,  and  apart  from  that  there  may  be  bias  errors.  These  were 
evaluated  separately  in  the  previous  section;  in  a  different  way  by  some  facilities. 

Any  uncertainty  in  the  chosen  dependent  variable  translates  into  a  jiscrepancy  deltaEPP  of  the  Target 
Value,  even  though  it  has  no  effect  on  the  individual  EPP  values.  This  Curve  Shift  effect  depends  on  the 
curve  slope,  as  is  illustrated  in  Fig  3-1.  In  the  case  that  a  single  error  source  influences  both  the 
dependent-  and  the  independent  parameter  (like  temperature  influence  on  airflow  and  referred  RPM)  the 
Curve  Shift  error  must  not  be  calculated  separately  and  added  RSS  as  the  errors  are  dependent.  Instead  a 
resultant  error  must  be  calculated  in  which  the  direct  and  the  indirect  (via  curve  shift)  effects  of  the 
error  source  are  added  algebraically.  This  error  contribution  must  be  substituted  for  the  original  simple 
temperature  error  in  the  RSS  error  estimate  for  airflow. 

An  example  for  airflow  is  given  underneath,  with  the  functional  relationship: 


WA*  =  f ( N* )  T 

with  the  shorthand  notation  WA*  =  WA  vTV A  *  P 

N*  -  N  /  VT 


dWA/WA  =  dWA*/WA*  +  dA/A  +  dP/P  -  1/2  dT/T 
in  which  dWA*/WA*  =  df(N*)/dN*  *  dN*/N* 
and  dN*/N*  =  dN/N  -  1/2  dT/T 


with  the  curve  slope  factor  (WAN*)  »  df(N*)/dN*  =  dWA*/WA*  /  dN*/N* 


it  follows  that  dWA/WA  -  dA/A  +dP/P  +  dN/N  *  (WAN*)  -  1/2  dT/T  (  1  +  (WAN*)) 


The  latter  factor  must  be  substituted  for  the  simple  contribution  of  temperature  error  if  no  curve  shift 
is  considered.  The  influence  of  the  curve  shift  effect  for  the  above  case  is  additive  for  a  temperature 
error;  for  fuel  flow  it  is  subtractive  because  the  relation  for  that  case  is  given  by: 

WF*  =  WF  /  P  *  VT  «=  f(N2*) 


The  curve  shift  effect  can  quite  easily  be  dominant  because  the  curve  slope  effect  is  large;  it  is  about  3 
for  the  case  of  airflow  and  7  to  8  for  fuel  flow. 


3.7  UNCERTAINTY  INTERVAL 

It  was  mentioned  before,  that  a  single  rigorous  statistic  for  the  total  error  limit  or  Uncertainty  Interval 
cannot  be  given.  Usually  the  more  or  less  arbitrary  standard  of  bias  plus  a  multiple  of  the  precision 
index  is  used: 

U  -  t(B  +  t95  *  S) 

in  which  t95  is  the  95th  percentile  point  for  the  two-tailed  Student's  "t"  distribution,  defining  the 
limits  within  which  952  of  the  points  are  expected  to  lie  in  the  absence  of  bias  errors.  If  the  predicted 
S  is  determined  from  a  large  number  of  points  (n  >30)  the  value  t9 5  «  2.0  can  be  taken;  Monte  Carlo 
simulations  have  shown  that  the  coverage  of  U  is  about  992  (Ref.  16).  The  average  Target  Value  of  10  test 
conditions  numbers  9  degrees  of  freedom,  for  which  case  the  t95  «  2.26.  The  Target  Values  for  a  certain 
EPP  must  be  within  a  band  of  £  U  for  all  test  conditions.  If  this  is  not  the  case  either  a  data  error 
exists  or  an  important  aspect  of  the  uncertainty  estimate  has  been  overlooked. 

An  alternative  for  the  value  of  the  Uncertainty  Interval  is: 

U  -  ±$QRT((  B*  +  (t95  *  S)‘) 

The  coverage  of  this  value  is  952,  therefore  it  is  indicated  by  U95.  In  the  case  of  RAE(P),  5  was  estimated 
to  be  the  scatter  from  which  RELCF  for  the  EPP  is  calculated.  This  is  a  small  value;  both  values  of  U  are 
similar  and  nearly  equal  to  their  B.  This  is  not  the  case  for  the  other  facilities,  because  their  definiti¬ 
on  of  B  and  S  is  different,  as  are  the  numerical  values.  The  resulting  Uncertainty  Interval  should  be 
compatible  with  the  RAE(P)  value. 


4  TESTING  PROCEDURE 
4.1  INSTRUMENTATION 

Referee  instrumentation,  consisting  of  inlet  rakes  and  a  modified  tailpipe  with  rakes,  developed  by  the 
first  participant  (NASA  LeRC),  is  detailed  in  Ref.  1,  This  instrumentation  system  travelled  with  the 
engines,  but  each  participant  used  its  own  transducers  (except  for  engine  fuel  flow)  and  recording  system. 
Apart  from  the  referee  instrumentation,  each  participant  used  its  standard  test  cell  instrumentation  to 
determine  engine  performance,  including  separate  fuel  flow  meters  and  an  Instrumented  thrust  stand.  Items 
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like  inlet  conditions  and  air  mass  flow  were  thus  measured  double,  allowing  cross  checks  to  be  made,  c.q. 
flow  coefficients  to  be  evaluated.  AEDC  used  a  choked  venturi  in  its  facility  determination  of  air  mass 
flow,  which  was  deemed  to  be  more  accurate  because  of  the  higher  pressure  differentials  involved. 

Most  participants  used  electronic  absolute  pressure  gauges,  except  RAE(P)  which  employed  differential 
gauges  relative  to  a  high-accuracy  barometer.  This  system  is  more  accurate  at  near-atmospheric  pressure, 
but  less  so  at  the  high-altitude  condition,  as  then  the  differential  pressure  is  large.  The  depression  in 
the  airmeter  throat  is  measured  differentially,  with  an  absolute  transducer  as  back-up. 

For  elevated  temperatures  thermocouples  were  used;  for  lower  temperatures  also  resistance  probes.  Details 
are  given  in  the  facility  reports;  Ref.  5  to  11 

Fuel  flow  was  generally  measured  with  turbine^type  volume-flow  transducers  with  separate  fuel  temperature 
measurement  to  calculate  density.  Only  RAE(P)  used  displacement  meters  for  the  facility  measurements, 
which  were  reported  to  be  more  accurate. 

4.2  SCANNING  SYSTEMS 

Most  facilities  used  a  combination  of  sequential  scanning  and  multiplexing;  the  latter  usually  for  the 
individual  probes  in  a  rake.  Mostly  mechanical  scanning  was  used  for  pressure,  where  a  number  of  pressure 
lines  are  connected  in  sequenc  to  a  single  transducer.  This  resulted  in  cycle  times  of  20  seconds  for  NASA, 
who  used  low  volume  transducers,  1  minute  for  AEDC  with  more  accurate  larger  volume  transducers,  which 
required  longer  stabilisation,  and  6  minutes  for  NRCC,  who  used  only  a  few  transducers,  one  for  each 
pressure  range. 

RAE(P)  used  electronic  scanning  for  the  UETP,  with  separate  transducers  for  each  tapping  (sometimes  two 
per  tap).  This  allows  a  scanning  cycle  to  be  completed  in  5  seconds.  A  measuring  point  then  consists  of  a 
number  of  scanning  cycles,  with  a  check  for  consistency.  Also  NASA  used  electronic  scanning  in  its  repeat 
test.  Different  scanning  systems  are  illustrated  in  Fig  4-1 

TuAF  employed  manual  registration,  with  pressure  taps  manifolded  to  water  manometers.  Their  cycle  time  was 
around  6  minutes;  the  readings  wereNiigitized  manually  for  further  processing  on  a  computer. 

Testing  procedure  consisted  of  setting  the  engine  power,  allowing  4  minutes  for  the  engine  to  stabilize, 
record  a  performance  point,  and  a  repeat  point  two  minutes  later.  With  the  longer  recording  times  these 
two  points  were  taken  back-to-back. 

4.1  CALIBRATION,  DATA  CHECK 

Calibration  was  done  at  least  once  a  day.  In  some  cases  the  scanning  cycle  included  a  number  of  calibration 
points,  that  were  also  measured  by  a  Work  Standard;  in  this  way  an  on-line  calibration  check  can  be  effec¬ 
ted.  This  is  not  possible  with  electronic  scanning,  but  the  system  can  be  calibrated  between  tests;  at 
NASA  on  command  or  automatically  every  20  minutes,  by  switching  all  transducers  over  to  a  calibration 
manifold  (see  Fig  4-1) 

Calibration  point  anomalies  or  data  consistency  checks  can  be  used  to  trigger  an  alarm  if  set  tolerances 
are  exceeded.  This  allows  the  test  operator  to  break  off  the  test  for  closer  scrutinity,  which  saves 
getting  doubtful  data.  This  can  be  carried  as  far  as  calculating  the  RELCF  value  on-line  for  some  Engine 
Performance  Parameters,  and  repeating  points  which  appear  ■  be  outliers.  Analysis  must  be  carried  out 
off-line;  outliers  must  only  be  deleted  if  a  good  technical  reason  can  be  found;  they  could  indicate  a 
shortcoming  in  the  instrumentation  or  oven  in  the  set-up  of  the  experiment,  or  a  omalies  in  the  test 
article. 

4.4  TRANSDUCER  ERROR  VARIATION 

Instrument  manufacturers  brochures  usually  give  a  guaranteed  error  limit  at  Full  Scale  Output  (F$0),  which 
is  assumed  constant  in  absolute  value  over  the  whole  range.  This  constant  absolute  error  model  results  in 
a  pessimistic  estimate  of  uncertainty  at  the  low  end  of  the  measuring  range.  NASA  used  this  model,  but 
with  their  own  experimentally  found  value  for  the  F SO  error  for  each  transducer  type. 

AEDC  used  the  constant  percent  error  model,  with  the  error  specified  at  10  percent  ESO.  From  zero  to  10% 

FSO  a  constant  absolute  value  was  assumed  for  the  error.  This  model  results  in  a  pessimistic  estimate  at 
the  top  end  of  the  range,  see  Fig  4-2 

RAE(P)  used  the  linear  error  model,  in  which  the  error  is  determined  at  both  zero  input  and  at  FSO.  It  is 
then  assumed  to  vary  linearly  between  these  values.  This  gives  the  closest  representation  of  the  measure¬ 
ment  error  over  the  total  range,  but  it  somewhat  overestimates  the  error  at  the  low  end.  Typically  the 
absolute  value  of  their  zero  error  is  in  the  order  of  2QZ  of  that  at  FSO. 


5  UNCERTAINTY  ESTIMATES 
5.1  INTRODUCTION.  ERROR  AUDIT 

At  the  start  of  the  UETP,  bias  and  precision  error  estimates  in  airflow,  net  thrust  and  SFC  were  calculated 
by  the  different  facilities.  An  interim  review  showed  large  variations.  To  try  and  solve  these  an  Error 
Audit  was  put  together,  which  detailed  the  errors  in  the  measuring  system  for  the  basic  physical  parame¬ 
ters  (Ref.  3)  All  facilities  have  used  this  Error  Audit  in  their  final  Uncertainty  Assessment,  but  not 
necessarily  In  all  Its  detail.  Depending  on  local  practice,  errors  were  grouped  differently,  with  the 
result  that  it  is  not  possible  to  give  average  results  for  the  separate  categories  mentioned  in  Section 
3.3  This  Is  for  Instance  the  case  with  an  end-to-end  calibration. 

Also  the  allocation  of  bias  and  precision  errors  differed  between  facilities.  Hysteresis  errors  were 
typically  classed  by  NRCC  and  RAE(P)  as  bias  and  by  AEDC  and  NASA  as  precision.  Another  example  is  the 
error  from  repeated  application  of  the  calibration  pressure  standard  to  the  pressure  measurement  system. 
RAE(P)  classified  this  type  of  error  as  bias,  NASA  as  precision,  and  AEDC  as  part  bias  and  part  precision. 
This  reflects  the  differences  In  calibration  procedure  and  error  assessment,  specifically  those  in  the 


Defined  Measurement  Process,  indicated  in  Section  2.  The  Uncertainty  Interval  U  =  +{B  +  2*S)  generally 
agreed  within  one  percentage  point  for  all  facilities. 

5.2  BASIC  MEASUREMENTS 

The  errors  in  the  basic  measurements  are  given  for  three  typical  test  conditions,  taken  as  TC  3  and  TC  9 
for  the  Altitude  Test  Facilities  (ATF)  and  TC  11  for  the  Ground  Level  Test  Beds.  These  represent  design 
inlet  pressures  of  82.7,  20.7  and  101.3  kPa  respectively,  or  12.0,  3.0  and  14.7  psi.  The  variation  in 
temperature  and  in  ram  pressure  ratio  did  not  result  in  significant  variation  of  error,  therefore  only 
different  pressure  levels  have  been  considered.  Fig  5-1  summarizes  the  RSS  of  the  elemental  errors  for 
each  of  the  basic  measurements,  split  up  in  bias  and  twice  the  precision  for  each  of  the  facilities.  Due 
to  the  difference  in  DMP,  NASA  and  AEDC  generally  attribute  a  larger  portion  of  the  total  error  to  precisi¬ 
on  than  did  CEPr  and  RAE(P).  The  value  of  the  percentage  range  of  the  estimated  Uncertainty  Interval  is 
summarized  in  the  table  underneath: 


RPM 

P2 

T2 

WF 

FS 

TC3 

.02-.  5 

.  1- 

.5 

.3-.  6 

.2-1.1 

.3-  .7 

TC9 

.02-. 5 

,3-1 

.2 

.3-. 4 

.5-1.6 

.6-3.0 

TC11 

.02-, 5 

.2- 

.3 

.3-.  8 

.4-  .6 

.4-  .5 

There  is  one  item  in  which  the  difference  in  estimated  error  is  significantly  more  than  the  one  percent 
quoted  in  5.1  and  that  is  the  Scale  Force  (FS).  Fig  5-1  shows  that  this  is  mainly  due  to  AEDC  quoting  a 
low  value  for  their  error  at  altitude. 


5.3  ENGINE  PERFORMANCE  PARAMETERS 

The  errors  for  the  EPP's  NRD  (referred  RPM,  either  NH  or  NL),  the  speed  ratio  NLQNH,  the  Engine  Pressure 
Ratio  £PR  =  P7Q2,  the  temperature  ratio  T7Q2,  referred  airflow  WAIRD,  referred  fuel  flow  WFRD,  referred 
net  thrust  FNRD  and  referred  Specific  Fuel  Consumption  SFCRD,  are  given  in  Fig  5-2  for  the  Target  Value 
(i.e.  about  mid-range  of  the  power  settings)  and  for  the  same  conditions  as  indicated  in  the  previous 
section.  The  Uncertainty  Limits  are  summarized  in  the  table  below: 


NRD 

NLQNH 

P7Q2 

T7Q2 

WAIRD 

WFRD 

FNRD 

SFCRD 

TC3 

.16-. 55 

.02-. 7 

.1-  .7 

.3-.  6 

.6-  .8 

.4-1.3 

.5-1.2 

.6-1.7 

TC9 

.2  -.5 

.02-. 7 

.5-1.1 

.3-.  6 

.8-2.6 

.4-1.7 

1.6-3. 2 

?.l  -3.5 

TC1 1 

.4-.  7 

.1-.8 

.2-.  3 

.5-.  9 

.3-. 7 

.4-1.1 

.5-.  6 

.9-1.2 

These  errors  are  quoted  exclusive  of  curve  shift  errors,  as  these  vary  with  the  independent  parameter,  and 
therefore  can  only  be  given  in  combination.  In  Fig  5-3  the  differences  in  the  end  results  for  the  ATF's 
are  compared  with  two  different  Uncertainty  Intervals  determined  from  the  above  table.  One  is  the  Estimated 
Maximum  Logical  Uncertainty  Interval,  determined  from  the  sum  of  the  largest  value  and  the  largest  but 
one;  this  seemed  more  logical  than  twice  the  largest  value.  The  other  is  the  Median;  that  is  the  middle 
value,  which  is  not  influenced  by  a  possible  extreme  estimate,  as  would  be  the  average. 

Fig  5-3  shows  that  for  Airflow  the  estimated  uncertainties  agree  very  well  with  the  differences  actually 
found.  For  SFC  the  uncertainty  estimate  seems  a  bit  pessimistic.  For  three  out  of  four  ATF's  the  Net  Thrust 
error  estimate  is  very  pessimistic;  the  result  for  the  fourth  ATF  evidently  contains  an  error,  which  has 
not  yet  been  found.  The  expected  increase  with  altitude  in  net  thrust  error  is  borne  out  in  practice.  This 
is  not  the  case  with  SFC. 


6  TEST  DATA  ANALYSIS 

6.1  PREPARATIONS 

Test  data  analysis  is  not  necessarily  carried  out  post-test.  To  begin  with,  all  computer  processing  must 
be  checked  out  thoroughly  before  the  test,  including  the  application  of  calibrations  and  the  equations  for 
calculation  of  the  average  flow  field  values  and  the  performance  parameters,  ’ l  n.u't  be  checked  that  the 
correct  calibrations  are  applied  and  possible  calibration  check  points  mu:»t  be  monitored.  These  remarks 
seem  self-evident,  but  It  Is  surprising  how  many  errors  were  found  in  the  end  results  due  to  simple  over¬ 
sights  in  these  basic  matters,  especially  for  a  non-standard  program,  as  UETP  was  to  some  extent. 

6.2  VALIDATION  OF  SINGLE  RESULTS 

Usually  anomalies  In  calibration  check  points  and  in  data  compatibility-  if  more  than  one  scan  is  used  to 
average  a  point-  are  flagged,  and  analysed  later,  unless  a  drastic  error  occurs.  At  RAE(P)  the  measured 
performance  parameters  were  correlated  with  referred  RPM  and  the  RELCF  determined  on-line  to  be  able  to 
repeat  a  point  if  an  outlier  occurs,  while  engine,  facility  and  instrumentation  are  still  running.  Fig  6-1 
gives  these  RELCF  values  for  all  ten  test  conditions;  It  shows  the  expected  increase  with  altitude  for  the 
net  thrust  values  and  also  that  for  TC  5  the  variation  is  more  than  the  expected  value.  This  TC  5  was  run 
on  different  days;  plotting  the  separate  points  shows  that  these  line  up  on  two  curves,  which  show  an 
offset  at  low  thrust,  probably  due  to  day-to-day  variation  In  the  calibration  (Fig.  6-2)  To  show  up  diffe¬ 
rences  not  the  absolute  value  Is  plotted,  but  the  difference  with  the  straight  line  connecting  the  end 
points  of  the  first  curve.  It  does  not  matter  what  reference  is  taken,  as  long  as  it  is  the  same  one  for 
all  points  to  be  compared. 

The  large  RELCF  for  TC  1  could  not  be  traced. 
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Post-test  calculation  of  RELCF  for  the  other  facilities  showed  overall  large  values  for  CEPr.  It  transpired 
that  in  this  case  shorter  stabilisation  times  were  used  for  the  engine.  Fig  6-3  shows  that  not  only  the 
scatter  between  points  is  larger,  but  that  marked  differences  occur  between  the  first  and  second  data 
scan,  with  an  overall  offset.  This  was  not  expected,  as  the  engine  power  setting  was  deliberately  chosen 
to  alternate  between  approach  from  below  and  from  above.  The  differences  were  not  correlated  with  this 
approach  direction. 


6.3  VALIDATION  USING  F7DUNDANT  INFORMATION 

It  has  been  mentioned  before  that  comparison  of  results  from  the  different  test  conditions  is  often  possi¬ 
ble  in  referred  form.  This  can  be  done  within  the  facility.  For  thrust  it  must  be  taken  into  account  that 
referred  values  for  different  intake  pressure  (simulated  altitude)  may  decrease  with  intake  pressure  due 
to  Reynold's  effect.  A  similar  result  would  obtain,  however,  if  there  is  a  constant  absolute  error  in  the 
thrust  indication.  For  the  case  of  UETP,  where  intake  pressure  differed  by  a  factor  fojr,  a  1%  error  at 
high  intake  pressure  then  results  in  a  4%  error  at  altitude,  with  a  systematic  variation  in-between.  To 
determine  whether  this  is  Reynold's  effect  or  measuring  error,  the  thrust  coefficient  can  be  calculated. 

CG  *  measured  thrust  /  calculated  thrust 

in  which  the  gross  thrust  is  measured  with  the  test  stand,  corrected  for  inlet  momentum,  and  calculated 
from  the  total  pressure  in  the  jet  pipe.  This  value  is  practically  independent  of  Reynold's  effect;  any 
systematic  variation  therefore  indicates  a  measuring  error. 

Most  performance  parameters  can  be  correlated  against  di^erent  independent  variables;  measuring  accuracy 
and  curve  shift  effect  will  determine  the  preferrable  correlation  with  the  least  scatter.  Fig  6-4  shows  a 
number  of  possibilities  in  a  schematic  of  data  flow.  Some  values  could  be  calculated  which  should  be 
constant  for  the  relevant  engine,  (at  least  part-range)  like  the  turbine  flow  function,  or  show  only  small 
variation  (like  CG),  thereby  eliminating  the  curve  shift  effect. 

6.4  VALIDATION  BETWEEN  FACILITIES 

A  useful  exercise  to  compare  data  from  different  facilities  is  to  collect  them  in  a  data  envelope.  The 
shape  of  this  envelope  does  not  reflect  the  data  accuracy.  It  must  not  be  confused  with  the  confidence 
limit,  which  is  narrow  where  a  lot  of  data  is  available  and  wide  if  there  is  little  data,  while  the  shape 
of  the  data  envelope  is  the  opposite.  However  if  the  envelope  shrinks  with  the  use  of  another  independent 
parameter,  this  is  definitely  an  indication  of  better  accuracy.  Fig  6-5  shows  that  for  each  test  condition 
the  points  correlate  well  (RELCF  =.15  to  .35%)  but  that  between  test  conditions  a  random  spread  exists. 

For  a  single  facility  the  bandwidth  of  1.4%  of  thrust  coefficient  vs  NPR  based  on  total  pressure  shrinks 
to  1.0%  if  static  pressure  is  used.  Also  the  overall  picture  for  all  facilities  improves  and  test  conditi¬ 
ons  with  deviating  accuracy  can  be  indicated.  This  is  for  instance  the  case  with  TC  9  at  CEPr  where  an 
instrument  failure  occurred  and  the  less  accurate  back-up  instrument  had  to  be  used  (Fig.  6-6  and  6-7) 
Reading  the  results  at  one  value  of  the  independent  parameter,  the  confidence  limit  of  the  average  value 
can  be  calculated.  For  the  above  case  with  bandwidth  1.4%  the  standard  deviation  of  CG  values  is  RMS  = 

.48%  The  degrees  of  freedom  number  9,  resulting  in  t95  =  2.26  and 

SE  =  t95  *  RMS  /  SORT  n  =  .37 

If  the  average  values  from  different  facilities  differ  mo.  3  than  this  Standard  Error,  both  groups  do  not 
belong  to  the  same  population,  i.e.  there  are  bias  elements  at  work.  In  this  way  data  can  be  judged  without 
pre-test  estimates  for  the  accuracy,  although  of  course  analysis  requires  detailed  estimates  to  be  a'llu  to 
find  a  likely  culprit. 


The  Conclusions,  References,  tables  and  figures  will  all  be  found  in  AG-307  or  AR-248,  as  listed  below. 
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EXPERIENCE  IN  DEVELOPING  AN  IMPROVED  DESIGN  OF  EXPERIMENT 
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SUMMARY 

The  design  of  the  experiment  lor  the  AGARD  PEP  Uniform  Engine  Test  Program  was  a  highly  successful 
effort.  The  plan  and  organization  for  this  program  included  contemporary  recording  ol  lessons  learned  regarding 
improvements  to  the  design  ol  the  UETP  experiment. 

Nine  major  lessons  learned  were  identified  which  provide  the  opportunity  lor  improvements  in  the  design  ol 
experiments  for  future  programs  having  a  scope  and  complexity  similar  to  the  UETP.  These  lessons  learned  were 
spread  across  the  seven  key  technical  elements  ol  the  experiment  as  follows: 


ELEMENT 


LESSON  LEARNED 


Test  Article 
Matrix  of  Variables 
Experimental  Measurements 

Test  Method 

Test  Data  Processing 
Measurement  Uncertainty 
Reporting 


Validated  Engine  Math  Model 
Engine  Performance  Tracking 

Referee  T ailpipe  Measurements 
Engine  Inlet  Turbulence 

Compressor  inlet  Flow  Distortion 
Engine  Thermal  Stabilization 

Lapse  Characteristics  for  Engine  Performance 
Defined  Measurement  Process 
Data  Comparison  Strategies 


In  addition,  one  lesson  learned  related  to  the  management  of  major,  round-robin  programs. 


LIST  OF  SYMBOLS 

NASA  National  Aeronautics  and  Space  Administration 
NRCC  National  Research  Council  ol  Canada 
RAE(P)  Royal  Aerospace  Establishment  Pyestock 
UETP  AGARD-PEP  Unilorm  Engine  Test  Program 


1.0  INTRODUCTION 

The  UETP  was  a  pioneering  effort  in  the  design  ol  the  experiment  lor  this  major,  multi-national  I  '  st  program. 
The  experiment  was  designed  to  provide  information  which  could  be  used  to  quantity  the  similarities  and 
ditlerences  in  performance  measurement  capabilities  ol  various  turbine  engine  test  facilities  located  within  the 
NATO  countries.  As  with  any  engineering  undertaking  ol  this  magnitude,  there  is  much  to  be  learned  from  a 
critical  examination  of  the  strengths  and  weaknesses  ol  the  engineering  processes  used  in  the  conduct  of  this 
program.  This  lecture  focuses  on  the  design  ol  the  UETP  experiment.  Subsequent  lectures  in  this  series  will 
locus  on  other  aspects  of  this  program. 

The  learning  opportunities  in  the  UETP  were  especially  large  in  area  of  design  of  experiments  because  no 
existing  publications  which  defined  experiments  of  the  scope  and  complexity  of  the  UETP  could  be  located. 
Therefore,  this  design  effort  did  not  have  a  documented  inlormation  base  to  serve  as  a  starting  point  for  the 
evolution  of  the  design. 

To  take  full  advantage  ol  this  unique  opportunity  to  advance  the  stale  of  the  art  ol  design  ol  experiments,  the 
chairman  of  AGARD-PEP  Working  Group  15  established  a  plan  for  contemporary  recording  of  the  "lessons 
learned,"  i.e.,  what  worked  well  and  what  needed  improvement,  during  this  effort.  This  plan  was  in  effect  from  very 
near  the  beginning  of  the  UETP  to  its  completion. 

All  aspects  of  this  design  are  documented  in  Ref.  1  Those  areas  of  the  design  needing  improvement  were 
noted  as  they  were  discovered  in  the  course  of  the  planning,  testing,  analysis,  and  reporting  phases  of  the  UETP. 
This  lecture  focuses  only  on  these  improvement  areas,  and  as  such,  it  provides  a  compilation  ol  those  "lessons 
learned."  This  compilation,  when  used  in  conjunction  with  Rel.  1,  provides  a  basis  for  improved  design  of  future 
experiments  having  the  scope  and  complexity  of  the  UETP. 
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The  seven  major  elements  or  building  blocks  ol  the  UETP  experiment  are  (Ret.  Section  1.0  •  Lecture  2): 

1.  Selection  of  Test  Articles 

2.  Specification  of  Matrix  Variables 

3.  Identification  of  Experimental  Measurements 

4.  Definition  of  Test  Methodology 

5.  Specification  of  Test  Data  Processing 

6.  Definition  of  Measurement  Uncertainty 

7.  Content  of  Reports 

This  UETP  lessons  learned  discussion  will  include  an  eighth  element,  as  follows: 

8.  Management  of  Round-Robin  Experiments 

The  details  of  the  UETP  experiment  are  documented  in  Ref.  1 .  Summaries  of  many  of  the  strengths  of  the 
design  of  this  experiment  and  of  the  improvements  needed  are  included  in  Section  19  of  Ref.  2. 


2.0  IMPROVEMENTS  IN  DESIGN  OF  UETP  EXPERIMENT 

The  lessons  learned  relative  to  needed  improvements  in  the  UETP  experiments  are  discussed  for  all  seven 
major  technical  elements  and  lor  one  program  management  element  in  the  following  sections.  Items  which  are  not 
discussed  in  the  following  sections  generally  met  the  needs  and  objectives  of  the  UETP  in  a  satisfactory  manner. 

At  the  conclusion  of  each  section,  a  subjective  assessment  is  provided  of  the  importance  of  each 
improvement  to  the  success  of  a  future  application  similar  to  the  UETP.  The  importance  levels  used  are  (1) 
desirable,  (2)  necessary,  and  (3)  mandatory  where  "desirable"  connotes  only  small  gains  in  the  quality  of  the 
experimental  results  and  “mandatory"  indicates  that  the  program  results  will  be  severely  compromised  unless  the 
improvement  is  incorporated.  Some  of  these  assessments  are  strongly  influenced  by  the  basic  characteristics  of 
the  test  engine  and  power  control  system  as  noted  in  each  section. 

2.1  Selection  of  Test  Article 

Availability  of  a  validated  mathematical  model  of  the  steady-state  performance  of  the  engine  was  not 
identified  as  a  requirement  of  the  UETP  engine  selection  process  (Section  3-Ref.  2).  In  fact,  no  such  model 
existed  for  the  selected  J57-PW-19W.  The  key  requirement  is  for  a  “validated"  code.  Several  models  for  similar 
J57  engines  did  exist,  but  none  had  been  validated  to  establish  the  quantitative  relationship  between  the  model 
performance  and  the  actual  engine  performance  at  the  means  and  extremes  of  the  populations  of  production  and 
overhauled  engines  within  the  ranges  of  the  UETP  test  conditions. 

As  was  learned  during  the  analysis  phase  of  the  program,  the  diagnostics  of  some  of  the  observed 
differences  in  engine  performance  between  facilities  (e.g.,  effect  of  unplanned  variations  in  ram  pressure  ratio  and 
engine  inlet  temperature)  were  not  possible  because  no  validated  engine  math  model  was  available.  Further,  in 
some  cases  where  the  diagnosis  could  be  made,  the  lack  of  an  engine  model  reduced  the  confidence  in  the 
results  In  one  very  important  area,  i.e.,  comparison  of  altitude  test  facility  performance  and  ground-level  test 
facility  performance,  the  lack  of  a  model  increased  the  uncertainty  of  the  comparative  results. 

The  availability  of  a  validated  math  model  of  the  engine  should  be  a  primary  requirement  in  future  engine 
selections.  This  new  requirement  ranges  from  "desirable”  for  an  engine  and  control  system  having  configuration 
and  logic  similar  to  the  J57  up  to  "mandatory"  tor  engines  and  control  systems  using  multiple  variable  geometries 
and  control  logics. 

The  lesson  learned  relative  to  “Validated  Engine  Math  Model”  is  summarized  in  Fig.  1. 

2.2  Matrix  of  Variables 

The  General  Test  Plan  (Ref.  1)  required  that  engine  performance  changes  during  the  lifetime  of  the  UETP  be 
established  by  conducting  the  first  tests  and  the  last  tests  in  the  same  test  facility  and  measuring  the  overall 
change  in  performance.  This  plan  was  later  revised  to  include  bookkeeping  engine  performance  changes  that 
occurred  at  each  facility.  This  bookkeeping  was  accomplished  by  having  each  facility  conduct  a  repeat  test  at  the 
completion  ol  testing  at  the  same  test  conditions  as  were  used  at  the  start  of  its  test  program.  Neither  of  these 
approaches  was  successful  because  the  engine  performance  changes  were  smaller  than  the  errors  of  the  facility 
measurement  systems.  Finally,  during  the  analysis  phase  ol  the  program  a  third  method  was  developed.  This 
method  was  based  on  the  referee  diagnostic  measurements  (Section  2,3  -  Lecture  2)  at  operating  conditions  which 
minimized  the  precision  errors  (Section  11.  -Ref  2). 

As  was  learned  during  this  analysis  effort,  the  selected  methods  ol  tracking  changes  in  engine  performance 
with  time  were  very  labor  intensive  and  yielded  results  with  poor  precision. 

In  future  test  programs,  a  portion  of  the  test  matrix  at  each  facility  should  be  dedicated  to  tracking  engine 
performance.  Referee  measurement  systems,  not  just  referee  sensors,  should  be  used  for  such  tracking.  Finally, 
the  test  conditions  should  be  selected  to  provide  minimum  precision  of  measurements.  This  improved  approach 
ranges  from  "necessary"  tor  an  engine  and  control  system  similar  to  the  J-57  up  to  "mandatory”  for  self-adaptive 
engine  control  systems. 

The  lesson  learned  relative  to  "Engine  Performance  Tracking”  is  summarized  in  Fig.  1. 

2.3  Experimental  Measurements 

Difficulties  in  obtaining  accurate  values  of  tailpipe  referee  conditions  (especially  total  pressure)  were 
anticipated  during  the  UETP  planning.  The  test  engines  were  modified  and  special  instrumentation  arrays  were 
installed  in  an  attempt  to  obtain  reliable  tailpipe  measurements  (Section  4  -  Fief.  2).  The  degree  of  difficulty  in 
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making  these  measurements  was,  however,  underestimated,  and  unreliable  measurements  of  tailpipe  total 
pressure  resulted.  (Section  14.3  and  18.2.2-Ref.2). 

In  future  programs,  additional  analysis  and/or  experiments  should  be  conducted  before  the  official  testing 
begins  to  confirm  that  the  tailpipe  sensors  exhibit  little  or  no  sensitivity  to  small  changes  in  engine  operating 
conditions.  Installation  of  flow-mixing  devices  or  flow-straightening  systems  upstream  of  me  measurement  planes 
might  be  required  to  achieve  the  desired  insensitivity  to  changes  in  engine  operation.  An  improved  design  is 
"necessary”  for  all  configurations. 

The  lesson  learned  relative  to  "Referee  Tailpipe  Measurements"  is  summarized  in  Fig.  2. 

Characterization  of  the  turbulence  in  the  engine  inlet  airflow  at  each  test  installation  was  a  requirement  for  me 
UETP  (Section  4-Ref.  2).  However,  the  referee  instrumentation  requirements  and  me  data  processing 
requirements  were  inadequate,  and  a  usable  characterization  of  turbulence  at  each  facility  was  not  obtained 
(Section  12.2-Ref.  2). 

An  improved  approach  to  characterize  engine  inlet  turbulence  should  be  developed  for  future  programs. 
These  improvements  are  rated  as  ’’desirable”  for  all  configurations. 

The  lesson  learned  relative  to  "Engine  Inlet  Turbulence”  is  summarized  in  Fig.  2. 

2.4  Test  Methodology 

Different  approaches  were  used  by  the  various  agencies  to  design  the  aerodynamics  of  the  air  supply 
systems  upstream  of  the  facility/engine  inlet  interface.  As  a  result  a  wide  range  of  inlet  distortion  (total  pressure 
profiles)  was  produced  at  the  compressor  inlet  (Section  12  and  17  -  Ret.  2). 

For  future  programs  improved  definition  of  the  aerodynamic  conditions  at  the  facility/engine  inlet  interface  is 
warranted.  Improved  definition  of  compressor  inlet  flow  distortion  limits  is  evaluated  as  "necessary”  for  all 
configurations. 

The  lesson  learned  relative  to  "Compressor  Inlet  Flow  Distortion"  is  summarized  in  Fig.  3. 

Rather  simple  elapsed  time  criteria  were  specified  in  me  General  Test  Plan  (Section  8.4-Ref.  1)  to  provide  for 
thermal  stabilization  of  the  engine  and  test  facility  before  steady-state  data  were  acquired.  The  prescribed 
approach  was  validated  during  the  first  test  entry  at  NASA  and  was  reverified  at  RAE(P)  and  NRCC  (Section  12- 
Ref.  2).  However,  thermal  nonequilibrium  effects  were  present  in  some  data  (Section  18.2.1  and  18.2.2  -  Ret.  2). 

An  improved  specification  of  test  stabilization  criteria  is  needed  for  future  test  programs.  This  improvement 
ranges  from  "necessary”  for  an  engine  and  control  system  similar  to  the  J-57  up  to  "mandatory”  for  engine 
controls  employing  closed-loop  engine  temperature  control. 

The  lesson  learned  relative  to  "Engine  Thermal  Stabilization'  is  summarized  in  Fig.  3. 

2.5  Test  Data  Processing 

The  General  Test  Plan  (Ref.1)  required  that  the  measured  engine  performance  be  corrected  (referred)  to  the 
desired  test  conditions  using  the  traditional  performance  generalization  parameters.  These  techniques  did  not 
provide  the  desired  level  ol  precision  because  of  the  basic  limitations  of  the  method  (Section  16-Ref.  2). 

For  future  test  programs,  validated  values  of  the  influence  coefficients  for  me  effects  of  inlet  temperature 
(temperature  lapse)  and  ram  pressure  ratio  should  be  specified  for  the  adjustment  of  test  data  to  desired 
conditions.  These  validated  values  can  be  obtained  from  measured  data  or  from  validated  engine  mam  models. 
This  improved  specification  ranges  from  "necessary"  for  an  engine  and  control  system  similar  to  the  J57  up  to 
"mandatory”  for  a  multi-variable  engine  and  control  system. 

The  lesson  learned  relative  to  "Lapse  Characteristics  for  Engine  Performance”  is  summarized  in  Fig.  4. 

2.6  MEASUREMENT  UNCERTAINTY 

Initial  efforts  to  determine  the  measurement  uncertainty  at  each  test  agency  revealed  that  the  definition  of  the 
methodology  specified  in  the  General  Test  Plan  (Ref.  1)  was  incomplete.  A  special  sub-group  was  formed  to 
complete  the  definition  of  the  methodology  (Lecture  7  and  Ref.  3).  The  sub-group  completed  this  work  on  a  timely 
basis,  the  most  important  contributions  were  in  the  areas  of  the  elemental  error  audit  and  the  Defined 
Measurement  Processes  (DMP).  The  DMP  encompasses  the  overall  procedure,  including  calibration,  etc.,  to 
arrive  at  a  desired  test  result  using  a  specified  installation  (Ref  3). 

An  improved  specification  of  the  methodology  to  be  used  to  estimate  pretest  measurement  uncertainties  and 
to  determine  posttest  measurement  uncertainties  is  needed  for  future  programs.  The  improvements  should  be 
focused  in  the  areas  of  elemental  error  audits  and  Defined  Measurement  Processes.  The  improved  specification 
is  rated  as  "necessary”  for  all  configurations. 

The  lesson  learned  relative  to  "Defined  Measurement  Process"  is  summarized  in  Fig.  4. 

2.7  REPORTING 

The  data  comparison  strategies  to  be  used  for  UETP  were  not  identified  in  the  General  Test  Ran  (Ref.  1). 
Rather,  these  strategies  were  evolved  during  the  analysis  phase  of  the  program.  This  evolution  was  very  labor 
intensive  and  substantially  prolonged  the  analysis  effort. 

For  future  programs,  a  predetermined  plan  for  data  comparison  should  be  incorporated  into  the  design  of  the 
experiment.  This  improvement  in  the  design  of  the  experiment  is  rated  as  "desirable"  tor  aH  configurations. 
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The  lesson  learned  relative  to  "Data  Comparison  Strategies"  is  summarized  in  Fig.  5. 

2.8  Management  of  Round-Robin  Experiments 

Throughout  the  lifetime  of  AGARD-PEP  Working  Group  15,  all  decisions  were  made  and  all  directions  were 
established  during  plenary  sessions  ol  the  Working  Group.  This  conservative  management  style  was  completely 
appropriate  for  the  UETP  because  of  the  uniqueness  of  this  program. 

Building  on  the  foundation  provided  by  the  UETP,  future  programs  could  be  managed  more  efficiently  if  the 
Working  Group  chartered  and  empowered  an  executive  steering  group  to  make  decisions  and  provide  directions  in 
defined  areas.  This  smaller  group  could  be  more  responsive  in  addressing  many  technical  details.  The  executive 
steering  group  would  provide  a  double  benefit  to  the  program  by  first  providing  more  timely  decisions/directions  in 
designated  areas,  and  second,  by  reducing  the  detailed  technical  workload  at  the  plenary  sessions,  thus  permitting 
the  Ml  Working  Group  to  address  more  effectively  major  programmatic  matters.  This  management  change  is 
"desirable"  for  all  programs  having  the  scope  and  complexity  and,  now,  the  maturity  of  the  UETP. 

The  lesson  learned  relative  to  "Executive  Steering  Group"  is  summarized  in  Fig.5. 
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•  TEST  ARTICLE:  VALIDATED  ENGINE  MATH  MODEL 

-  UETP  EXPERIENCE 

(a)  INCREASED  DIFFICULTY/REDUCED  CONFIDENCE  •  DIAGNOSTICS  OF  INTERFACILITY  A  S 

(b)  INCREASED  UNCERTAINTY  -  COMPARISON  OF  ATF'S  AND  GLTF'S 

-  LESSON  LEARNED 

INCLUDE  ENGINE  MATH  MODEL  AS  PRIMARY  REQUIREMENT  IN  ENGINE  SELECTION 

-  APPLICATION: 

DESIRABLE  -  SIMPLE  ENGINE  /CONTROL 
MANDATORY  -  MULTI-VARIABLE  ENGINE/CONTROL 

•  MATRIX  OF  VARIABLES:  ENGINE  PERFORMANCE  TRACKING 

-  UETP  EXPERIENCE 

LABOR  INTENSIVE,  POOR  PRECISION  -  ENGINE  PERFORMANCE  TRACKING 

-  LESSONS  LEARNED 

REQUIRE  TEST  MATRIX  AT  EACH  FACILITY  -  USE  REFEREE  MEAS.  SYS. 

-  APPLICATION: 

NECESSARY  -  SIMPLE  ENGINE/CONTROL 
MANDATORY  -  SELF-ADAPTIVE  ENGINE  CONTROL 


Figure  1.  Lessons  learned,  test  article  and  matrix  of  variables. 


•  EXPERIMENTAL  MEASUREMENTS:  REFEREE  TAILPIPE  MEASUREMENTS 

-  UETP  EXPERIENCE 

UNRELIABLE  MEASUREMENT  OF  TAILPIPE  REFEREE  CONDITIONS 

-  LESSON  LEARNED 

SELECT  REFEREE  TAILPIPE  SENSORS  WITH  REOUCED  SENSITIVITY 

-  APPLICATION: 

NECESSARY  -  ALL  CONFIGURATIONS 


•  EXPERIMENTAL  MEASUREMENTS:  ENGINE  INLET  TURBULENCE 

-  UETP  EXPERIENCE 

INADEQUATE  CHARACTERIZATION  •  ENGINE  INLET  DYNAMIC  PRESSURE 

-  LESSON  LEARNED 

IMPROVE  SPECIFICATION  Of  DYNAMIC  MEASUREMENT  REQUIREMENTS 

-  APPLICATION: 

DESIRABLE  •  ALL  CONFIGURATIONS 


Figure  2.  Lessons  learned,  experimental  measurements. 


TEST  METHOD  (INSTALLATION):  COMPRESSOR  INLET  FLOW  DISTORTION 

-  UETP  EXPERIENCE 

WIDE  RANGE  OF  INLET  FLOW  DISTORTION 

-  LESSON  LEARNED 

IMPROVE  DEFINITION  OF  AERODYNAMIC  CONDITIONS  AT  ENGINE  INLET/INTERFACE 

-  APPLICATION: 

NECESSARY  -  ALL  CONFIGURATIONS 


TEST  METHOD  (OPERATION):  ENGINE  THERMAL  STABILIZATION 

-  UETP  EXPERIENCE 

THERMAL  NONEQUILIBRIUM  EFFECTS  PRESENT  IN  SOME  DATA 

-  LESSON  LEARNED 

IMPROVE  SPECIFICATION  OF  TEST  STABILITY  CRITERIA 

-  APPLICATION: 

NECESSARY  -  SIMPLE  ENGINE/CONTROL 

MANDATORY:  CLOSED-LOOP  ENGINE  TEMPERATURE  CONTROL 


Figure  3.  Lessons  learned,  test  method. 


TEST  DATA  PROCESSING:  LAPSE  CHARACTERISTIC  FOR  ENGINE  PERFORMANCE 

-  UETP  EXPERIENCE 

POOR  PRECISION  -  REFERRED  ENGINE  PERFORMANCE  GENERALIZATION 

-  LESSON  LEARNED 

REQUIRE  USE  OF  MEASURED  LAPSE  CHARACTERISTICS  TO  ADJUST  PERFORMANCE 

-  APPLICATION: 

NECESSARY  -  SIMPLE  ENGINE/CONTROL 
MANDATORY  -  MULTI-VARIABLE  ENGINE  CONTROL 


MEASUREMENT  UNCERTAINTY:  DEFINED  MEASUREMENT  PROCESS  (DMPt 

-  UETP  EXPERIENCE 

INADEQUATE  SPECIFICATION  OF  DMP,  E.G.,  ELEMENTAL  ERROR  AUDIT 

-  LESSON  LEARNED 

IMPROVE  SPECIFICATION  OF  UNCERTAINTY  METHODOLOGY 

-  APPLICATION: 

NECESSARY  -  ALL  CONFIGURATIONS 


Figure  4.  Lessons  learned,  test  data  processing  and  measurement  uncertainty. 


•  REPORTING:  DATA  COMPARISON  STRATEGIES 

-  UETP  EXPERIENCE 

DATA  COMPARISON  STRATEGIES  EVOLVED  DURING  ANALYSIS 

-  LESSON  LEARNED 

INCORPORATE  PRE-DETERMINED  PLAN  FOR  DATA  COMPARISON 

-  APPLICATION: 

DESIRABLE  -  ALL  CONFIGURATIONS 


•  PROGRAM  MANAGEMENT:  EXECUTIVE  STEERING  GROUP 

-  UETP  EXPERIENCE 

DIRECTIONS/DECISIONS  BY  COMMITTEE  OF  THE  WHOLE 

-  LESSON  LEARNED 

CHARTER  AND  EMPOWER  AN  EXECUTIVE  STEERING  GROUP 

-  APPLICATION: 

DESIRABLE  -  ALL  CONFIGURATIONS 


Figure  5.  Lessons  learned,  reporting  and  program  management. 
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Each  test  sits  benefitted  in  different  ways  froai  participating  in  the  UETP,  not  least  from  observing  how  other 
test  sites  approached  the  testing,  through  participating  in  the  Working  Group  discussions  on  procedures  and 
methods  of  analysis. 

A  review  of  the  lessons  learnt  by  the  participants  during  the  altitude  testing  of  the  UETP  has  been  carried  out 
and  a  strategy  proposed  for  an  isproved  altitude  test  capability.  Many  of  the  good  practices  proposed  for  a 
better  test  capability  are  based  on  experience  found  to  be  successful  at  RAE,  Pyestock,  in  the  UK. 


1  INTRODUCTION 

The  objectives,  typical  results  and  the  technical  difficulties  experienced  In  the  UETP  have  been  extensively 
explained  in  preceding  lectures.  Sy  this  stage,  the  reader  should  have  a  good  grasp  of  the  principles  eaployed 
in  altitude  engine  testing  and  should  need  no  further  detailed  explanation  of  the  fundaaientelt.  This  Paper 
will,  therefore,  explore  the  major  areas  of  difficulty  experienced  in  the  UETP  and  propose  possible  solutions 
and  good  practice  which  should  enable  future  altitude  engine  tests  to  have  a  greater  chance  of  success. 

Organisations  with  different  approeches  to  testing  took  part  in  the  UETP  and  therefore  the  range  of  lessons 
learnt  varied  froai  one  test  facility  to  the  other,  everyone  teaming  something  to  their  advantage.  Every  test 
site  was  able  to  measure  their  facility  bias  for  the  first  tine  and  compare  this  with  their  predictions;  a 
unique  opportunity  in  the  international  field  of  turbine  engine  testing'.  This  section  of  the  Lecture  Series 
will  attempt  to  sunrise  the  lessons  learnt  by  all  participants  and  will  be  complementary  to  the  lessons  learnt 
during  sea-level  testing,  although  same  test  sites  wilt  obviously  only  be  associated  with  certain  of  the  items 
listed.  The  subjects  covered  will  especially  be  appropriate  to  altitude  turbine  engine  testing,  which  has  a 
different  set  of  problems  to  contend  with  coapared  with  ground-level  test  stands.  For  example,  altitude  testing 
often  entails  instruaentation  that  must  accommodate  a  much  wider  range  of  measurement,  in  particular  pressure, 
thrust  and  fuel  flow.  There  again,  environmental  conditions  within  the  altitude  test  cell  can  be  unfriendly  to 
delicate  Instrumentation  systems.  These  are  the  well  known  problems,  but  the  items  listed  below  should 
introduce  fresh  insight  into  the  preparation  needed  In  steging  turbine  engine  altitude  tests  with  the  objective 
of  obtaining  the  best  possible  results. 

2  INLET  DUCTING 

Almost  ell  Gas  Turbine  Engine  Altitude  Teat  Facilities  install  the  engine  such  that  the  inlet  air  flows  through 
ducting  directly  into  the  engine,  while  the  whole  assembly  is  mounted  in  a  test  chamber  to  maintain  the 
appropriate  altitude  pressure.  This  type  of  arrangement  is  generally  called  'connected'  testing  and  enables  the 
engine  flight  conditions  to  be  closely  controlled  by  a  relatively  simple  plant  layout.  An  example  of  a  typical 
altitude  test  call  is  shown  in  Fig  1  where  the  layout  of  RAE(P)  Cell  3,  the  UK  test  facility  used  in  the  UETP, 
is  depicted.  The  design  of  the  inlet  ducting  needs  special  attention  to  that  It  provides  the  engine  under  test 
with  a  total  pressure  profile  which  is  closely  related  to  the  flow  field  the  engine  would  experience  in  the 
actual  aircraft  installation  in  flight.  At  the  same  tins,  the  inlst  ducting  usually  incorporates  some  method  of 
determining  engine  airflow  which  is  a  primary  measurement  requirement.  In  addition,  some  form  of  control  of  the 
total  inlet  pressure  is  provisioned  so  that  the  correct  flight  test  condition  can  be  set.  An  elaborate 
instruaentation  array  is  also  usually  required  to  accurately  determine  the  value  of  mean  inlet  total  pressure. 
Same  of  this  equipment  can  disturb  the  flow  and  produce  s  distortsd  pressure  profile  if  care  in  the  design  of 
the  equipment  Is  Ignored. 

The  following  advice  is  given  based  on  experience  gained  from  the  UETP.  The  Inlet  ducting  design  should,  where 
divergence  is  necessary,  keep  the  divergence  angle  to  a  minimus,  an  Included  angle  greater  than  7* should  be 
avoided.  If  possible,  Instruaentation  intrusion  in  the  inlet  ducting  should  ba  kept  to  the  miniates  cotmens urate 
with  tha  requirements  to  obtain  accurate  mean  measurements .  This  may  initially  entail  exploratory  tests  to 
Investigate  the  complexity  of  the  flow  field  using  extensive  sampling,  but  this  can  then  probably  be  reduced  for 
subsequent  engine  performance  tests  by  careful  positioning  of  a  minimum  Instrueentatlon  array.  Any  flow 
distortion  wvoidably  crested  by  upstream  control  devices  or  duct  geoamtrlss  may  be  attenuated  by  a  coafcination 
of  gauzes  and  flow  strsighteners.  The  exact  location  end  quantity  of  these  devices  can  only  be  determined 
oxporimsntal  ly. 

3  NKZLE/EXNNJST  DIFFtMEM  COUPLING 

The  need  to  use  exhaust  diffusers  In  altitude  test  calls  to  optimise  the  pressure  recovery  In  the  exhaust  duct 
so  that  the  exhauster  machines  are  employed  efficiently,  also  needs  careful  eons I deration,  tinea  the  tost 
facility  must  ba  configured  to  produce  the  atnlatai  secondary  airflow  so  that  minimus  exhauster  energy  is  used  to 
achieve  a  given  altitude,  this  can  lead  to  nie-metch  between  angina  and  exhaust  diffuser  airflow  for  good 
pressure  recovery.  It  is  normal  practice  to  optimise  ths  diffuser  geometry  for  the  maximum  angina  airflow 
condition.  Fig  2  shows  that  there  Is  no  single  installation  configuration  which  all  tost  facilities  adopted. 
Therefore,  at  other  flight  conditions  there  is  the  possibility  of  recirculating  exhaust  flows  which  may  hove  an 
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impact  on  thm  local  nozzle  environmental  flow  field.  With  tame  engine  inetallations,  secondary  choices  or 
orifice  platas  may  need  to  be  fitted  to  the  exhaust  diffuser  entry  to  nintnfse  these  effects. 

It  is  rsco—onrted  that  the  flow  field  in  the  vicinity  of  the  af terbody/nozzle  of  the  engine  is  explored  by  using 
a  ring  of  statics  to  determine  the  local  static  pressure.  In  addition,  the  provision  of  surface  static  pressure 
tappings  along  the  angina  outer  carcase  with  scan  ststics  surrounded  by  perforated  enclosures,  'tea  bag 
statics',  at  the  nozzle  exit  plane  will  help  to  determine  if  pressure  gradients  are  present.  Steps  can  then  be 
taken  to  correct  for  boattail  forces  and  pressure  area  terms  in  the  derivation  of  engine  thrust. 

The  degree  of  pressure  gradients  that  can  be  generated  is  a  function  of  the  geometry  of  the  nozzle/exhaust 
diffuser  interface.  It  might  therefore  be  prudent  to  design  the  engine  installation  so  that  not  only  can  the 
axial  distance  of  the  angina  be  varied  uith  respect  to  the  diffuser  entry,  but  also  the  size  of  the  diffuser 
entry  can  be  varied  by  the  application  of  chokes  snd  orifice  platas.  No  specific  recomnendatiorw  can  be  mede 
because  solutions  to  minimise  these  effects  depend  on  the  layout  and  capability  of  the  test  cell  and  air  pimping 
plant,  which  varies  between  facilities. 

4  ENGINE  STABILISATION 

The  UETP  General  Test  plan  specified  a  five  minute  stabilization  period  before  steedy-state  performance  data 
ware  collected.  This  time  was  arrived  at  after  NASA  had  carried  out  exploratory  tests  in  their  facility  to 
determine  when  aero  thermodynamic  stabilisation  was  reached.  In  addition,  both  RAE ( P )  and  NRCC  carried  out 
investigations  of  engine  settling  time  during  tests  in  their  facilities.  Fig  3  shows  the  result  obtained  at 
test  Condition  6  during  the  RAE(P)  tests.  During  the  UETP  the  CEPr  facility  tested  the  Offline  at  altitude  and 
due  to  priority  requirements  did  not  always  a<*iere  to  the  recommended  five  minute  waiting  time.  This  policy 
gave  a  larger  scatter  in  their  data  Wien  compared  with  data  obtained  at  NASA,  AEOC  and  RAE(P). 

Based  on  these  experiences  it  is  recommended  that  any  tests  on  a  new  type  engine  in  an  altitude  facility  should 
be  planned  to  contain  a  test  to  determine  engine/ test  plant  stabilisation  times  at  the  earliest  opportunity. 
Specific  recommendations  cannot  be  made  since  times  depend  on  engine  size,  cycle  temperatures,  cell 
envi roneental  conditions,  instrixaentation  response  and  ptant  control  response.  All  these  factors  vary  for 
different  installations  and  cannot  be  predicted,  however,  the  test  plan  should  be  constructed  so  that 
conditions  are  explored  both  in  an  increasing  and  decreasing  engine  power  lever  movement  and  with  different 
flight  conditions.  It  is  appreciated  that  this  may  not  be  possible  in  esrly  tests,  but  even  if  only  one  test  is 
carried  out  with  data  scans  at  one  minute  intervals  to  determine  stabilisation  time,  then  a  generous  factor  can 
ba  applied  to  the  stabilisation  period  to  account  for  potentially  more  difficult  conditions. 

5  PERFORMANCE  RETENTION  TESTS 

In  all  angina  performance  tests  it  is  very  important  to  keep  track  of  engine  deterioration  and  therefore  test 
programmes  should  be  planned  to  enable  this  element  to  be  measured.  The  UETP  plan  was  specifically  organised  to 
enable  performance  retention  to  be  determined  by: - 

(a)  Requesting  each  participating  altitude  test  facility  repeat  at  the  end  of  their  test  series  the  same 
performance  test  condition  that  was  sat  up  for  their  first  test.  This  enabled  deterioration  during  each 
altitude  test  to  be  determined  provided  it  was  larger  than  the  combination  of  day-to-day  bias  plus  precision 
tsicertainty  for  that  particular  teat  facility.  The  results  obtained  at  RAEIP)  for  their  tests  are  shown  in 
Fig  4. 

lb)  NASA  carried  out  tests  on  two  occasions,  at  the  start  and  finish  of  all  the  altitude  tests.  This 
again  enabled  engine  deterioration  to  be  tracked  providing  it  was  larger  than  the  longer  term  bias  and  precision 
uncertainty  for  the  NASA  test  facility. 

As  concluded  earlier  in  the  Lecture  Series  the  UETP  performance  retention  was  determined  to  be  very  good  with 
negligible  deterioration.  This  was  probably  due  to  the  ccafeination  of  an  engine  'running  in'  period  at  NASA 
prior  to  the  start  of  the  UETP  and  the  rugged  design  of  the  3S7  engine. 

Even  though  the  carefully  laid  out  plan  of  the  UETP  did  not  reveal  angina  deterioration  for  the  reasons  outlined 
above,  ft  Is  recommended  that  similar  practices  are  applied  In  alt  engine  altitude  tests  of  this  nature  so  that 
angina  health  can  ba  monitored  at  all  stages.  A  further  recoaamndat ion  would  consist  of  repeating  a  single  test 
condition  on  a  day-to-day  basis  at  a  specific  engine  power  setting  so  thst  not  only  is  engine  health  checked, 
but  also  the  data  gathering  system  is  checked  for  integrity  and  consistency. 

6  UNCERTAINTY  ANALYSIS  AS  A  GUIDE  TO  MEASUREMENT  SYSTEM  DESIGN 

This  Lecture  Series  has  already  outlined  an  extensive  insight  into  uncertainty  analysis  in  engine  turbine 
tasting,  setting  out  methods  and  results  .  Thera  Is,  however,  a  spin-off  from  such  methodology  uhich  can  guide 
the  teat  engineers  in  either  selecting  or  tailoring  measurement  systems  to  achieve  certain  objectives  or 
indicating  areas  where  measurement  Improvement  is  required.  It  ssist  not  be  forgotten,  however,  that  financial 
considerations  and  pressures  of  time  can  also  play  a  major  role  in  the  measurement  criteria,  which  may  overwhelm 
the  technical  considerations  based  on  uncertainty  analysis  recoamsndstions. 

The  first  step,  wall  before  tasting  coamnncet,  Is  to  specify  the  degree  of  accuracy  required  to  identify  the 
angina  performance.  It  must  ba  reanafeered  that  comparative  tests  on  development  anginas  of  the  sane  type  in  the 
same  test  facility  using  the  sane  measurement  process  will  attract  a  lower  iswertafnty  spread,  in  this  case, 
acme  bias  errors  will  ba  common  and  can  therefore  ba  discounted.  Not  all  bias  errors,  however,  nay  be  ignored 
since  seme  changes  In  the  coaplete  test  set-up  are  inevitable,  and  in  any  case,  fnstruaentetion  drift  must  be 
accounted. 

The  measurement  process  can  now  ba  specified,  based  on  the  test  criteria,  and  the  uncertainty  prediction 
analysis  carried  out.  The  complete  analysis  will  reveal  whether  the  specified  performance  accuracy  will  ba 
achieved.  If  this  accuracy  has  just  bean  satisfied  than  no  further  action  will  ba  required.  However,  if  the 
specified  accuracy  has  not  boon  achieved  the  analysis  will  show  idiere  means- meant  process  improvements  should  ba 
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attempted.  These  modifications  can  than  ba  incorporated  in  tha  Measurement  process  and  tha  uncertainty 
prediction  repeated.  Thia  process  can  ba  repeated  until  tha  teat  objectives  are  aatiafiad.  If  the  accuracy 
needs  are  ax  t  ana  I  vet  y  exceeded  it  say  be  possible  to  relax  the  ccaplexity  of  the  measurement  process,  (e  use 
aiapter,  lower  cost  instruaante,  and  atilt  achieve  the  objective.  All  these  criteria  need  to  ba  exeaiinsid  before 
testing  commences,  but  the  application  of  this  quality  control  ahoutd  continue  during  and  after  testing, 
particularly  with  a  poet  test  analysis  which  will  confine  that  the  original  objectives  and  estimate*  are  valid. 
The  UETP  experience  should  give  confidence  in  applying  those  Methods  used  and  explained  in  AS  307,  which  were 
proved  to  be  successful. 

7  tm-um  Analysis 

Altitude  engine  testing  is  an  expensive  operation  due  to  the  c cabined  need  for  coaptex  teat  plant  and  the  high 
energy  to  achieve  the  flight  conditions.  It  is  therefore  laportent  to  provide  every  swans  of  ensuring  the 
Measured  data  are  satisfactory  and  it  has  already  been  stated  that  good  pre-test  planning  plays  an  iaportant 
role  in  this  process.  However,  the  need  for  on-line  data  analysis  and  checking  is  equally  Iaportant,  since  this 
is  tha  period  when  the  high  energy  costa  are  expanded.  RAECP)  have  long  ago  instituted  a  three-stage  on-line 
data  checking  system  and  other  test  sites  have  alailar  arrangaawnta  to  ensure  good  data  are  obtained. 

The  NAE(P)  aystaai  is  explained  here  briefly  as  an  exaapta  of  good  practice:- 

The  first-stage  on-line  check  following  a  data  scan  involves  a  coablnation  of  autoawtic  computer  software  checks 
and  manual  checking  of  individual  measured  peraawtere.  The  coaputer  checking  is  configured  so  that  awasursnent 
stability  is  Interrogated  by  nuttl-saaipl ing  Methods.  In  addition,  outlier  detection  is  applied  to  axilti- 
neasured  paraawters  or  pressure  and  temperature  arrays  and  those  Measurements  detected  to  be  in  error  are 
deleted.  Methods  are  then  applied  to  re-calculate  Mean  pressuraa  or  temperatures,  etc  or  re-constltute  a 
measurement  based  on  interpolation  or  extrapolation  techniques.  Similarly,  Manual  checking  procedures  are 
carried  out  in  parallel,  deletions  or  manipulations  ieplemented  and  the  data  reprocessed. 

The  second  stage  on-line  checks  involve  an  engineer  using  a  suite  of  computer  programmes  to  check  that  pressure 
and  temperature  arrays  are  giving  acceptable  pressure  and  temperature  profiles,  based  on  pest  experience  or  past 
test  results.  Also  aerot hemodynamic  data  derived  from  teat  plant  Measurements  should  be  correlated  with  pre¬ 
determined  established  functions,  again  baaed  on  previous  experience.  These  techniques  are  heavily  dependent  on 
good  graphical  displays  on  a  series  of  WU  terminals  which  can  be  rapidly  multiplexed  so  that  the  data  can  be 
checked  before  the  next  test  scan  is  required.  A  typical  graphical  output  examined  during  thia  stage  at  RAEIP) 
is  shown  in  Fig  S. 

The  third  stage  on-line  check  is  carried  out  by  an  engine  performance  engineer,  who  uses  calculated  engine 
performance  parameters  to  compare  against  past  tast  results  or  sea- level  test  results.  Fig  6  shows  a  sample  of 
a  typicrl  graphical  output  used  during  this  stage,  one  of  twenty  four  such  plots  used  at  RAEth).  Again  assist¬ 
ance  with  these  checks  is  provided  by  a  rapid  multiplexed  graphical  computer  software  suite  with  additional 
statistical  software  aids. 

Using  these  checking  procedures  at  each  test  scan,  and  also  looking  for  trends  as  tast  conditions  progress,  has 
enabled  RAE(P)  to  provide  a  test  capebility  which  gives  high  quality  data  at  an  economic  cost. 

8  USIIK  NOZZLE  COEFFICIENTS  FON  PE8F0NNANCE  COMSISONS 

Nozzle  coefficients,  both  airflow  and  thrust,  were  shown  to  be  good  parameters  to  use  for  performance 
comparisons  during  the  UETP.  It  must  be  emphasised  that  these  characteristics  are  only  useful  for  a  fixed 
geometry  convergent  or  convergent-divergent  nozzle.  The  uncertainties  involved  with  variable  area  nozzles, 
which  can  include  substantial  leakage,  make  thesa  geometries  umuitable  for  this  type  of  analysis. 

Nozzle  coefficients  plotted  against  nozzle  pressure  ratio  are  a  suitable  on-line  analysis  parameter  to  check  on 
thrust  and  airflow  measurement  consistency  during  testa,  being  very  sensitive  to  small  measurement  changes  sr 
errors.  Figs  7  and  8  show  the  on-line  results  of  such  an  analysis  for  all  ten  test  conditions  for  the  RAE(P) 
UETP  results.  The  good  collapse  of  the  data  indicates  consistent  thrust  and  airflow  measurement  in  thia  case. 

Nozzle  coefficients  can  also  be  used  to  check  thrust  and  airflow  measurements  between  different  tast  facilities, 
or  to  determine  thrust  in  flight,  loth  thesa  procedures  are  heavily  dependent  on  good  nozzle  inlet  total 
pressure  and  temperature  measurements.  If  it  is  possible  to  position  pressure  and  temperature  measurement 
arrays  in  the  nozzle  tailpipe,  then  a  suitable  position  should  ba  selected  where  the  effects  of  swirl  and 
turbine  strut  wakes  are  a  minimus.  It  must  be  realised  that  this  area  within  the  engine  is  a  harsh  environment 
for  measurement  probe  integrity  and  therefore  failures  must  be  expected.  The  UETP  showed  that  nozzle  tailpipe 
static  pressure  maaauramant  was  more  rugged  than  the  total  pressure  probes  snd  was  also  insensitive  to  secondary 
flows  within  this  region.  It  is  probably  advisable  to  use  such  a  static  pressure  measurement  to  determine  total 
pressure  in  combination  with  a  tailpipe  area  and  a  value  for  gmmm,  than  to  rely  on  a  total  pressure  measurement 
array.  Even  if  thia  technique  leads  to  a  bias  in  nozzle  total  pressure  measurement,  because  errors  can  be 
introduced  both  from  estimates  of  area  and  the  flow  asstmptfon*  introduced  Into  the  calculation,  at  least  It 
will  be  consistent  across  all  tests  If  the  same  procedure  ia  adopted. 

If  total  pressure  and  temperature  arrays  are  used  then  these  inatruaent  arrays  must  be  maintained  in  good 
working  condition  at  all  test  sites  if  consistency  is  to  be  retained. 

Although  the  UETP  included  tests  on  an  open  air  stand  at  NAPC,  Trenton,  these  tests  unfortunately  came  too  late 
to  be  of  any  reel  benefit  to  be  included  in  the  overall  analysis.  However,  if  nozzle  coefficients  are  to  be 
used  aa  thrust  and  airflow  measurement  compart  tors,  it  ia  nrammndid  that  these  be  determined  during  an  open 
air  stand  test  on  a  day  with  negligible  wind  velocity.  Only  in  this  type  of  teat  can  installation  affects  ba 
declared  a  minimum  and  true  detua  nozzle  coefficients  determined,  of  course,  this  datisa  still  depends  on  good 
placement  of  nozzle  entry  inetnmmntatlon  as  indicated  earlier 


9-4 


9  FUEL  FUN  MEASUREMENT 

Th«  UETP  showed  that  conaiatant  fuel  flow  naaauraannt  acroaa  all  altituda  taat  aitaa  waa  difficult  to  achfova. 
Tha  fual  flow  Moaurcaiont  cc*p*ritor*  oava  diffarancaa  of  tha  ordar  of  4  to  5  parcant  at  a  high  rotor  apaad,  the 
largaat  diffarancaa  for  any  priaary  parfonaanca  paraawtar.  Tha  difficultlea  in  fuel  flow  neaauraaant  arise  fro* 
■any  cons  1  derations.  Firstly,  there  is  tha  wide  variation  in  flows  with  altitude,  typically  froai  0.1  litra/s  to 
4,0  litra/s,  a  ratio  of  40:1.  Leakage  flows  in  tha  anasursaont  instruMnts,  whether  they  be  turbine  or  positive 
displacement  asters,  are  a  major  problem.  In  addition,  where  turbine  meters  are  used  the  fuel  viscosity  and 
installation  has  a  significant  effect  on  voice*  flow  measurement.  The  fuel  viscosity,  in  turn,  is  dependent  on 
temperature  and  fuel  properties  and  needs  to  be  determined  accurately.  Some  of  these  difficulties  can  be 
resolved  by  calibrating  the  meters  in  a  high  quality  test  rig  over  their  expected  operating  range  using 
gravimetric  measurements. 

At  RAE(P)  positive  displacement  meters  are  used  for  steady* state  performance  measurements  of  fuel  flow.  Two 
meters  are  used  in  series  in  the  test  cell  to  calculate  fuel  flow  and  both  meters  are  calibrated  in  their 
respective  positions  in  the  calibration  facility.  Thes^  meters  are  of  the  sliding  vane  or  reciprocating  piston 
type,  the  former  giving  2.2S  litre/rev  and  the  later  O.'i  litre/rev  respectively.  These  are  regularly  calibrated 
in  the  RAE(P)  calibration  laboratory,  which  uses  gravimetric  measurements.  The  meters  are  not  sensitive  to 
installation  pipework.  Figures  9  and  10  show  examples  of  the  RAE(P)  calibration  methodology  and  a  typical  fuel 
meter  calibration  history  chart.  These  meters  have  been  found  to  give  consistent  performance  over  many  years 
and  the  UETP  confirmed  their  choice  to  be  based  on  sound  principles. 

Other  problems  arise  in  fuel  flow  measurement,  namely  the  conversion  from  volume  flow  to  mass  flow  and  also  the 
determination  of  calorific  value.  The  mass  flow  determination  is  dependent  on  a  measurement  of  density,  which 
in  Itself  can  prove  difficult.  If  hand  measurements  are  taken  during  a  test  there  is  the  problem  of  variability 
between  different  manual  readings  both  of  the  hydrometer  and  the  temperature  measurement.  The  same  problems  may 
be  present  in  an  autoamtic  reading  by  reente  sensing  because  these  devices  generally  rely  on  a  resonating 
cylinder  which  is  sensitive  to  fuel  temperature. 

Fuel  calorific  value  is  also  a  difficult  measurement  and  is  not  covered  by  an  international  standard.  Confusion 
can  arise  because  some  agencies  use  heat  per  unit  mass  and  others  heat  per  unit  weight  in  air.  In  these  cases 
it  is  important  to  use  the  correct  fuel  density  (ie  mass  or  weight)  for  the  results  to  be  consistent.  The 
calorific  value  used  to  be  determined  by  bomb  calorimeter  and  some  agencies  still  use  this  technique,  but  others 
have  adopted  the  use  of  Nuclear  Magnetic  Resonance  OMR)  techniques,  which  employ  hydrogen  and  sulphur  content 
combined  with  a  multiple  regression  equation. 

All  the  above  remarks  have  been  made  to  highlight  the  great  care  needed  in  the  measurement  of  fuel  flow.  It 
must  therefore  be  recomaendad  that  an  engine  testing  agency  should  give  a  proportionate  effort  to  providing  a 
high  quality  fuel  measurement  process  if  specific  fuel  consumption  performance  is  a  prime  test  objective. 

10  THRUST  MEASUREMENT  CALIBRATION  CHECKS 

The  ultimate  check  on  any  load  measurement  system  in  an  altitude  test  facility  is  a  centre-line  pull  applied  at 
the  engine  centre-line  position.  There  is  no  dcxi>t  that  this  test  provides  a  great  deal  of  confidence  in  load 
measurement  capabl  l i ties  if  performed  for  a  given  test  facility.  However,  to  plan  such  a  test  is  very  time- 
consueing  and  requires  the  provision  of  special  frameworks  to  enable  tha  load  to  b.  applied  at  the  appropriate 
position.  Alternatively,  a  procedure  should  be  set  Lp  to  check  the  load  measurement  system  on  a  regular  basis 
by  designing  a  system  to  apply  loads  to  the  thrust  frame  at  an  appropriate  position. 

Most  teat  aitaa  have  some  means  of  applying  loads  to  tha  measuring  load  ceil  and  a  master  load  cell 
simultaneously,  with  tha  engine  Installed,  to  provide  load  call  calibrations.  By  adopting  such  a  procedure, 
thrust  calibration  history  charts  or  records  can  be  kept  to  maintain  consistency  over  long  periods.  Then,  if 
any  anomaly  shorn  up  (n  tha  charts  tha  load  measurement  system  can  bs  investigated  for  extraneous  fixed  or 
variable  loads  caused  by  unscheduled  installation  factors.  These  may  bs  the  result  of  additional  mass  addition 
to  tha  thrust  fraan  or  additional  bridging  between  the  earth  and  metric  parts  of  the  load  measurement  system. 
Fig  11  shows  a  typical  thrust  calibration  history  chart  kept  at  RAE(P).  The  difference  from  a  nominal  load  it 
plotted  at  three  different  load  tevels  of  25,  50  and  70  kN  and  the  generally  low  scatter  on  these  plots 
Indicates  the  elope  of  the  loed  cell  has  remained  relatively  constant.  The  changes  in  the  0  kN  level  indicate 
the  change  in  zero  loed  during  either  an  engine  installation,  ee  instrumentation,  etc  is  added  or  the  change 
from  one  engine  Installation  to  the  next.  The  detail  le  to  some  extent  uniaportent  in  this  figure,  but  it  does 
dsaionstrsts  the  good  practice  of  maintaining  calibration  histories,  which  increase  confidence  in  the  measurement 
process  capability. 

11  cokubine  itman 

The  Uniform  Engine  Teat  Programs,  provided  a  unique  opportini ty  for  aero  engine  teat  facilities  in  Europe  and 
North  Aanrica  to  evaluate  their  teat  procedures  and  methods  of  analysis  by  tasting  ths  stmt  anginas  over  an 
agrasd  range  of  operating  conditions.  Each  test  sits  benefited  in  different  ways  from  participating  In  the 
UETP,  not  least  from  observing  how  other  test  sitae  approached  ths  testing,  through  participating  In  working 
group  discussions  on  procedures  and  methods  of  analysis.  Ths  encouraging  results  of  tha  UETP,  giving  bias 
errors  within  prediction  and  precision  errors  of  not  greeter  than  0.3  parcant  art  highly  creditable  and  a  good 
reflection  on  ths  test  procedures  used  in  the  teat  fecit (ties. 

The  UETP  involved  the  Pratt  (  Whitney,  J57  two-spool  turbojet  which  la  not  representative  of  mere  advanced 
military  turbofen  engines  now  under  development.  Turbefan  engines  trs  likely  to  be  more  sensitive  to 
installation  effect!  such  as  exhaust  nozzle  to  diffuser  spacing,  inlet  pressure  profile  end  Reynolds  NuNbsr. 
Test  facilities  may  need  to  pay  greater  attention  to  these  factors  In  any  future  joint  test  programme ■  It  it 
expected  that  those  items  highlighted  in  this  lecture  together  with  ths  good  practice  guidance  will  help  to 
Uprev*  ths  procedures  of  all  test  facilities. 
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FIG.  4  THE  SPECIFIC  FUEL  CONSUMPTION 

COMPARISON  FOR  THE  FIRST  AND 
FINAL  TESTS  AT  RAE  PTESTOCK 


FSLS  (kN) 


FIG.  5  EXAMPLE  OF  RAE(P)  SECOND  STAGE  ON-LINE 
ANALYSIS  GRAPH 


DYNAMIC  PRESSURE /STATIC  PRESSURE  dP/Psan  X10-: 


SFC  REF  SPECIFIC  FUEL  CONSUMPTION 


THRUST  XN  REF  X10' 


cc 

CO 


CD 

n 
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SUMMARY 

Enclosed  ground-level  cell  engine  testing  requires  a  thorough  understanding  of  engine  and  test  cell  aerodynamic  interaction  to  ensure 
accurate  and  repeatable  engine  performance  evaluation.  The  key  elements  of  cell  design  have  been  identified  and  design  considerations 
outlined.  Some  examples  of  practices  employed  at  NRCC  have  been  listed,  a  number  of  them  directly  reflecting  experience  gained  from 
the  UETP 


1  INTRODUCTION 

Two  major  classes  of  engine  test  facilities  were  used  in  the  UETP,  altitude  or  direct  connect,  and  the  ground-level  test  cell.  Of  the  two, 
only  the  attitude  facility  can  simulate  the  complete  altitude  -  Mach  number  envelope  that  an  engine  could  experience  in  service.  Ground-level 
cells  are  relegated  to  operate  under  prevailing  environmental  conditions  of  pressure,  temperature  and  humidity.  Despite  this  limitation,  the 
ground-level  bed  still  serves  as  a  cost  effective  tool  at  the  production,  post-overhaul,  and  research  and  development  level. 

One  of  the  objectives  in  the  UETP  was  to  compare  engine  performance  obtained  In  each  class  of  facility,  and  rationalize  any  observed 
differences.  A  difficulty  encountered  in  the  comparison  was  the  inability  of  the  altitude  facilities,  except  one,  to  operate  at  the  same 
environmental  test  conditions  as  the  ground-level  cells.  Corrections  to  these  data  using  relatively  simple  normalization  equations  were  shown 
to  be  quite  limited  in  application,  and  hence  introduced  additional  bias  errors. 

There  were  other  instances  of  uncertainties  that  only  became  evident  during  the  process  of  data  comparison  and  rationalization.  This 
section  of  the  Lecture  Series  will  address  soma  of  the  essential  points  to  consider  for  determining  engine  performance  in  ground-level  test 
cells.  A  number  of  common  issues  have  already  been  identified  in  the  previous  lectur#  on  attitude  test  capability,  and  will  therefore  not  be 
repeated.  In  the  sections  that  follow,  three  topic  areas  will  be  discussed,  test  cell  design  considerations,  performance  measurements  and 
performance  calculations. 

2  GROUND-LEVEL  CELL  DESIGN  CONSIDERATIONS 

Ground-level  cells  can  be  sub-divided  into  two  groups,  the  outdoor  stand,  and  the  indoor  or  enclosed  test  cell.  Of  the  two.  the  outdoor 
stand  is  less  common,  although  It  provides  the  best  possible  datum  to  which  the  ’artificial'  situation  of  enclosed  test  cells,  both  sea-level 
end  altitude,  can  ba  compared.  In  e  'no-wind'  condition,  the  scale  force  measurement  it  a  direct  reading  of  gross  thrust  at  the  given 
temperature  and  pressure.  Its  major  limitation  is  that  it  is  subject  to  the  ambient  environment,  data  quality  being  strongly  affected  by  wind 
strength  and  direction,  humidity,  and  precipitation.  Another  drawback  is  the  leek  of  acoustic  attenuation  at  both  the  inlet  and  exhaust  which 
is  the  major  reason  for  bringing  an  engine  indoors 

While  acoustically  beneficial,  the  'raison  d'etre'  for  being  outdoors,  a  uniform  static  pressure  field  with  no  approach  momentum,  is  lost 
Cell  aerodynamic  effects,  created  by  the  interaction  of  the  engine  with  toe  inlet  test  chamber,  end  exhaust  collector,  to  tome  degree  alter 
the  pressure  field  end  introduce  an  Inlet  momentum  term  that  must  be  accounted  for. 

Several  documents  on  design  considerations  for  enclosed  test  facilities  have  been  produoed,  end  excerpts  from  two  of  these  (Ref.  3, 
4)  ere  reprinted  with  permission. 


Common  aerodynamic  test  ceH  problems  such  as  Inlet  pressure  end  temperature  distortion  end  airflow  recirculation  can  contribute 
to  uncertainty  about  engine  performance  measurements.  In  an  axtreme  case,  the  engine  inlet  airflow  distortion  can  result  in  compressor 

stall  and  cause  eevere  engine  damage. 

The  principal  components  of  the  teat  ceH  eystem  are  the  inlet  plenum,  the  engine  feet  chamber  end  the  exhaust  section.  Each  must 
be  designed  for  Me  Individual  function  and  for  Re  compatibly  with  the  others,  wRh  respect  to  aerothermodynamic  end  acoustic  performance. 
The  design  conoeptfor  large  turbefen  end  afterburning  turbojet  engineers  shown  In  Figure  1  The  major  elements  of  toe  cell  and  its  features 
are  discusead  In  tha  foflowing  eecttone. 

2.1  IntotPfgfium 

Tha  primary  function  of  the  Met  plenum  le  to  deliver  dean  end  adequate  (both  in  quality  and  quantity)  airflow  to  the  teat  chamber. 
The  Met  plenum  should  be  deelgned  to  provide  stable  Met  flow  upetreem  the  engine  Met  and  to  eliminate  problems  caused  by  physical 
end  environmental  condition*.  The  intake  may  be  etther  horizontal  or  vertical  with  turning  vanes,  but  must  allow  for  cell  operation 
independent  of  outelde  wind  direction  and  magnitude  to  that  testing  can  be  conducted  without  unnecessary  restrictions  due  to  weather. 
The  Met  flow  must  ba  treated  to  leofste  toe  variatfone  In  the  outside  wind  to  reduoe  teat  oel  dletortion.  Loeeee  In  toe  Met  system  wilt  be 
reflected  in  eefl  depreeelon.  Common  Met  plenum  aooeeeorfes  Include  screens,  honeycomb,  turning  venae  (lor  vertical  Inlets),  silencer 
baffles  end  possibly  titters. 


In  the  UETP,  only  one  facility  had  a  vertical  inlet  lined  with  acoustic  baffiee.  Theca  were  neither  turning  vane*  nor  flow  etraightener*, 
and  the  proximity  of  the  engine  bettmouth  to  the  vertical  inlet  i*  thought  to  have  introduced  flow  distortions  to  the  engine  face  altering  engine 
performance.  As  Individual  pressure  measurements  wees  not  recorded,  there  is  no  definitive  proof  of  this  speculation. 

2.2  Te*t  Chamber 

A  test  chamber  includes  the  engine  thrust  frame,  and  call  supporting  equipment,  such  as  lift  platforms,  ladders,  engine  monorails,  and 
so  on.  Cereful  attention  must  be  paid  to  the  design  of  the  test  chamber  to  minimize  or  eliminate  projections  in  the  flow  field  which  affect 
portions  of  the  flow  which  enter*  the  engine.  Such  projections  can  cause  wakes  end  distortions  in  the  bed  mouth  and  produce  unacceptable 
variations  in  engine  performance.  In  addition,  consideration  should  be  given  to  those  aspects  of  the  test  chamber  design  which  effect  the 
airflow  in  the  vicinity  of  the  engine  to  ensure  that  air  is  not  recirculating  and  reingeeted  by  the  engine.  Reingestion  of  cell  flow  can  produce 
temperature  distortions  in  the  compressor  and  adversely  affect  performance.  Also,  test  chamber  recirculation  can  reduce  the  accuracy  of 
thrust  correction  measurements. 

An  important  factor  in  test  section  design  is  the  geometric  ratio  of  engine  diameter  to  the  cross- section  el  area  of  the  cell.  Another 
significant  design  consideration  is  the  bypass  ratio,  which  Is  defined  as  the  ratio  of  the  secondary  air  flowing  past  the  engine  to  the  airflow 
entering  the  engine  inlet  Both  the  bypass  ratio  and  the  area  ratio  have  a  direct  influence  on  the  velocity  of  the  air  bypassing  tha  engine, 
which  should  preferably  be  less  than  10  m/s  (Ref.  5).  To  meet  this  requirement  the  maximum  engine  size  for  a  given  test  section  may  be 
approximated  by: 


12  *  A*, 

(«  ♦  1) 


where  W0  -  maximum  engine  airflow  (Agfs) 
-  test  section  flow  area  (m2) 
a  -  bypass  ratio 


High  bypass  air  velocities  cause  a  reduction  in  statfo  pressure  along  the  engine  length,  resulting  In  foroes  that  would  not  occur  In  open¬ 
ed  testing.  These  pressures  acting  on  the  angina  win  alter  the  measured  thrust  by  producing  axial  buoyancy  forces.  The  major  effect  of 
these  buoyancy  foroes  is  generally  near  the  exhaust  end  of  the  engine  where  the  secondary  flow  velocities  are  high.  If  the  flow  velocity  in 
the  test  section  Is  significant  tailpipe  ambient  pressure  will  be  reduced  relative  to  the  engine  inlet  pressure.  The  result  it  equivalent  to  the 
engine  operating  with  an  apparent  forward  velocity,  and  at  a  slightly  higher  altitude.  The  use  of  a  high  loss  protective  screen  In  front  of  the 
engine  may  tower  the  Inlet  pressure  to  the  engine  even  further. 

Flow  along  the  last  section  wait  experiences  a  rapid  acceleration  as  it  approaches  the  engine  belimouth,  since  the  flow  ceptured  by 
the  engine  has  a  c rose-sectional  area  larger  than  tha  angina  itsaif.  Boundary  layer  analysis  (Ref.  6)  indicates  that  flow  along  the  wall 
separatee  for  all  cell  bypass  ratios.  The  separation  location  moves  downstream  as  the  bypass  ratio  Increases.  For  high  bypass  ratios,  the 
separation  point  moves  downstream  of  the  belimouth  entry  plane,  which  will  prevent  vortex  Ingestion.  For  low  bypass  ratios,  the  flow 
separation  point  moves  upstream  of  tha  belimouth  inlet,  which  may  lead  to  vortex  formation.  Keeping  the  separation  point  at  or  behind  the 
belimouth  inlet  should  reduce  vortex  formation. 

Temperature  distortion,  generally  caused  by  test  cell  flow  recirculation,  will  adversely  affect  compressor  performance  similar  to  velocity 
distortion.  Engine  performance  is  strongly  dependent  on  inlet  temperature,  hence  location  errors  In  temperature  measurement  caused  by 
exhaust  gee  recirculation  la  a  possibility.  Such  could  be  the  case  if  screen  mounted  thermocouples  are  used.  In  addition  to  temperature 
distortion,  cell  recirculation  can  cause  the  engine  external  body  force*  to  fluctuate  which  will  reduce  engine  thrust  measurement  accuracy. 

2.3  Exhauat  System 

Probably  tha  greatest  impact  on  angina  performance  Is  the  design  of  the  exhaust  system.  The  exhaust  system  not  only  controls  the 
amount  of  secondary  airflow  In  tha  call,  but  it  also  controls  tha  back  pressure  on  tha  angina,  tha  sound  absorption,  and  tha  production  of 
exhaust  pollution.  Most  modem  engine  testing  faculties  use  an  aug mentor  tube  to  capture  the  engine  exhaust  gas  and  Induce  secondary 
airflow  through  the  oefl.  Tha  exhaust  la  directed  Into  tha  augmsntor  tube,  through  a  diffuser,  and  than  sxpsMed  krto  tha  atmosphere.  The 
augmentor  tube  acts  in  combination  with  tha  angina  exhaust  momentum  to  form  an  ejector,  which  entrains  ood,  secondary  air  from  tha  test 
cad.  In  the  past,  augmentor  design  was  basically  an  art  and  test  facility  people  had  only  quantified  some  of  the  parameters  concerning 
ejector  performance  (Ref.  7). 

Tha  secondary  or  bypass  flow  is  important  for  oooiing  tha  exterior  of  tha  turbine  easing  and  tha  axhauat  duct  of  tha  angina,  as  wall 
as  tha  axhauat  slancsr  and  tha  augmantor  tuba  Itsaif.  It  Is  preferable  to  use  an  augmentor  tube  that  has  a  collector  which  can  be  moved 
relative  to  the  engine  aahauat  plana,  and  a  variety  of  Insert  sizes  to  mortify  the  flow  area.  This  type  of  deelgn  allows  easier  control  over  tha 
airflow  pumping  raqufremento,  notes,  and  local  sSatio  pressure  at  the  jet  nozzle  sodt  plane.  Mere  Importantly,  the  quantity  of  secondary  sir 
entrained  la  ovuolal  for  proper  angina  testing.  Too  Nttfe  saoondary  air  slows  recirculation  of  exhaust  gases  within  tha  oefl,  resulting  In 
overheating  of  the  angina  oomponente  and  tha  augmantor  tuba.  Too  much  secondary  air  causae  srccsaslva  static  pressure  gradients 
between  tha  angina  Inlet  and  aahauat  planes,  which  require  large  corrections  to  tha  measured  thrust  However,  sufficient  secondary  eh  must 
be  entrained  to  lower  tha  kinetic  energy  of  the  exhaust,  to  allow  the  silencing  equipment  to  perform  property.  Turbofen  engines,  lor  example, 
tend  to  overpump  tha  system  and  tha  augmantor  tuba  must  be  mortified  to  restrict  the  amount  of  entrained  air. 


The  major  design  elements  of  an  augmantor  tub#  Include  the  nozzle/augmentor  diameter  ratio,  tha  Inlet  configuration,  tha  angina 
airflow,  the  spacing  between  the  angina  nozzle  and  augmantor  tuba,  and  the  angina  exhaust  temperature.  Each  of  tha  paramatara  will  have 
an  affact  on  tha  caB  bypass  ratio,  tha  total  call  airflow,  and  tha  pressure,  tamparatura,  and  velocity  profile#  In  tha  augmantor  tuba. 

Tha  collector  to  angina  nozzle  diameter  ratio  la  a  vary  (irporfant  paramatar  (n  tha  augmantor  daafgn.  Tha  bypaaa  ratio  decreases  with 
decreasing  diameter  ratio  because  of  the  reduced  secondary  flow  area  {Ref.  8).  As  tha  diameter  ratio  increases,  the  entrance  losses  become 
lass  important  because  tha  secondary  air  enters  the  augmantor  tube  in  a  more  axial  direction.  A  converging-diverging  engine  nozzle  will 
reduce  the  bypaaa  ratio  because  of  the  increased  secondary  flow  blockage  from  the  diverging  nozzle  flow,  and  because  of  the  decreased 
diameter  ratio  from  a  modulating  nozzle. 

An  example  of  the  effect  of  nozzle  to  collector  size  is  shown  as  Figure  2  (Ref.  8)  based  on  1/12  scale  modal  experiments  of  the  NRCC 
No.  5  test  cell.  Nozzle  pressure  ratio  and  nozzle  to  collector  spacing  ware  held  constant  while  varying  collector  diameter  for  a  given  nozzle 
size.  For  a  given  nozzle  size  (relative  to  the  test  cell  cross-section),  tha  entrainment  ratio  varies  almost  linearly  to  a  maximum  value  and 
then  drop#  off. 

The  spacing  between  the  engine  nozzle  and  augmantor  tube  haa  less  Influence  on  the  secondary  airflow.  Tha  bypaaa  ratio  increases 
slightly  with  spacing  because  of  reduced  blockage  of  the  nozzle  and  then  decreases  because  of  increased  flow  blockage  of  tha  spreading 
exhaust  plums  (Ref.  7).  Mora  importantly,  tha  spacing  affects  tha  static  praaaura  field  at  tha  nozzle  exit,  which  Ideally  should  be  the  same 
as  the  static  pressure  field  around  the  engine.  Increasing  the  spacing  causae  an  Increase  In  the  noise  produced  within  the  cell,  because 
of  the  larger  shear  layer  between  the  Jet  exhaust  stream  and  the  low-velocity  secondary  air. 

The  ground-level  facilities  in  the  UETP  had  a  diameter  ratio  ranging  from  1 .5  to  3.5  and  nozzle  spacing#  from  0.8  to  2.7  (Figure  3). 
It  can  be  reasonably  expected  that  tha  pressure  field  around  tha  nozzle  varied  for  each  Installation  and  had  a  direct  influence  on  tha  thrust 
accounting  aquations.  This  affact  for  tha  NRCC  facility  will  be  discussed  In  a  later  section. 

Tha  secondary  call  bypass  flow  la  also  a  function  of  tha  angina  exhaust  tamparatura.  Tha  call  bypass  ratio  varies  approximately  as 
the  square  root  of  tha  ratio  of  tha  exhaust  total  temperature  to  tha  angina  Inlet  total  tamparatura  (Ref.  8).  Military  anginas,  because  of  their 
inherently  higher  exhaust  plume  temperatures,  induce  higher  bypass  ratios. 

2.4  Summary  of  Design  Considerations 

The  effects  of  enclosed  test  celts  on  angina  performance  are  primarily  aerodynamic.  Before  embarking  on  now  call  designs  or 
modifications  to  existing  facilities  It  is  best  to  construct  a  scale  modal  of  approximately  1/12  size  and  evaluate  individual  call  components 
for  their  effects  on  tha  total  system.  Tha  key  areas  for  evaluation  are  shown  as  Figure  4  (Ref.  9). 

3  Performance  Measurements 

Engine  performance  in  a  ground-level  cell  is  generally  defined  aa  thrust,  fuel  flow,  and  to  a  leaser  degree  airflow.  In  an  altitude  facility, 
airflow  is  required  for  the  definition  of  thrust,  whereas  in  a  ground-level  cell  this  la  normally  not  tha  case.  The  exception  la  if  the  installation 
incorporates  a  decoupled  bellmouth,  and  the  bell  mouth  forces  are  not  transmitted  to  the  thrust  stand.  For  this  situation,  the  thrust  accounting 
procedures  become  similar  to  those  employed  for  altitude  facilities,  and  angina  airflow  mutt  be  determined. 

In  this  section,  airflow  and  fuel  measurements  witt  be  briefly  discussed,  but  thrust  will  be  dealt  with  more  rigorously. 

3.1  Airflow 

Airflow  is  In  moat  cases  obtained  through  the  use  of  smooth-approach  orffloes  conforming  to  ASME  standards.  Measurements  of 
pressure,  temperature  and  area  at  the  throat  of  the  air  meter  are  required  for  the  calculation.  Tha  air  meter  Itself  has  to  be  calibrated  against 
another  standard,  or  by  carefully  traversing  the  throat  with  pitot  probee  and  establishing  a  flow  coefficient  The  accuracy  and  repeatability 
of  this  device  may  be  affected  by  flow  distortion  or  turbulence  approaching  the  engine. 

These  are  two  cautions  that  must  be  observed  when  using  an  airmeter  of  this  type.  One  la  the  assumption  of  uniform  static  pressure 
across  tha  measurement  plane,  and  the  other  la  tha  high  maaauramant  precision  required  in  what  Is  a  relatively  low  Mach  no.  flow  field. 
Uniformity  of  static  praaaura  must  be  confirmed  by  traversing  the  measurement  plane,  and  Mao  ensuring  that  no  flow  distortions  from 
upstream  disturbances  are  present  The  low  Mach  no.  inherent  in  the  measurement  plane  can  be  Increased  by  locaffy  reducing  the  area, 
followed  by  a  diffuser  to  the  engine  face.  Diffusers  do  thicken  up  the  boundary  layer  and  may  ahar  engine  performance. 

In  the  UETP.  NRCC  and  TUAF  had  low  Mach  no.  directly  coupled  airmetors,  while  CEPr  had  a  necked-down  airmeter,  followed  by  a 
diffuser  which  wot  decoupled  from  the  thrust  stand  (Figure  5  from  Ref.  2).  Inherently,  the  CEPr  airmeter  should  have  provided  the  moat 
consistent  end  accurate  results,  which  proved  to  be  the  case  (Section  18.33  of  Ref.  2).  NRCC  had  difficulties  in  establishing  a  flow 
coefficient  because  of  a  double  accounting  of  the  boundary  layer  growth.  TUAF  airflow  measurements  are  believed  to  have  suffered  from 
inflow  distortion  effects,  but  as  the  pitot  probes  data  wart  not  Individually  recorded,  it  la  only  speculative. 

3.2  Fg«l  Flow 

The  most  commonly  used  system  to  measure  fuel  flow  Is  a  volumetric  turbine  type  device  coupled  to  a  variable  time  base  digital 
readout  instrument  The  sensors,  at  least  two  In  series,  when  Installed  with  flow  straightsners  upwsam  and  downstream,  are  accurate  and 
reliable.  Fuel  density  and  viseosity  are  calculated  from  temperatures  measured  at  the  meters.  If  a  wide  range  of  flow  Is  required,  as  in  the 
cats  of  afterburning  engines,  a  multi-manifold  fuel  eystem  should  be  installed  near  tha  fuel  Inlet  to  tha  engine.  With  time,  beering  wear  wltl 
degrade  the  accuracy  of  tha  meters  and  Introduce  noo-iinearitiee  to  the  low  flow  range.  For  (Me  reason,  periodic  calibrations  are  necessary. 
A  typical  calibration  la  shown  to  Figure  6.  The  required  inputs  are  frequency  end  viscosity  (temperature  dependent);  with  the  output  the 
so  called  *K*  factor.  Actual  fuel  specific  gravity  at  the  fuel  temperature  and  the  frequency  are  oombfnsd  to  produce  actual  gravimetric  fuel 
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Nets  from  Figure  6  that  when  operated  in  the  Unoar  rang#,  tho  voluo  of  vtooosby  io  not  vary  important  Only  if  tho  motor  wore 
incorrectly'  oporotod  In  tho  norvfineer  low-flow  range,  would  vieooeby  bo  significant. 

Positive  dioplacomont  motors  wore  usod  by  one  attitude  facility  In  tho  UETP.  Whether  positive  displacement  or  turbino  typs,  correction* 
must  bo  modo  for  specific  gravity  and  iowor  hooting  valuo.  Volumetric  motors  should  both  bo  calibrated  using  a  fluid  of  similar  viscosity 
and  spodfic  gravity  to  jet  tool,  but  tho  affect  of  non-compliance  would  bo  much  loss  for  positive  displacement  motors. 

The  method  of  calibration,  whether  volumetric  or  gravimetric  can  also  introduce  errors  aa  was  discussed  in  an  earlier  lecture.  In  a 
controlled  'round-robin’  teat  of  calibration  facilities,  it  was  shown  that  the  spread  In  results  was  up  to  0.5%,  with  a  demonstrated  bias  of  at 
least  0.2%  between  volume  and  gravimetric  calibrators  (Figure  7)1 

in  the  UETP,  there  was  quite  a  large  scatter  In  the  results,  and  although  the  reference  motors  ware  the  primary  basis  of  comparison, 
operational  difficulties  in  some  feeflitie*  rendered  these  data  unusable. 

3.3  Scale  Force  Measurement 

The  system  moot  commonly  used  to  measure  the  thrust  of  a  turbojet  or  turbofan  utiltzee  strain  gauge  type  load  calls.  They  may  be 
mounted  near  the  front  or  at  the  rear  of  the  thrust  aland  In  compression  or  tension.  The  forward  location  la  preferred  to  reduce  the  possibility 
of  errors  due  to  thermal  radiation  from  the  engine  exhaust  The  thrust  measuring  system  should  be  designed  to  minimize  false  loading  of 
the  load  cell  due  to  temperature  gradients  In  the  structure  and/or  calibration  In  a  different  horizontal  plana  than  the  thrust  loading. 

Stand  stiffness,  spring  rate,  and  hysteresis  have  to  be  accounted  for  as  there  may  be  measurable  deflections  of  the  thrust  cell  relative 
to  the  ground  reference.  Squeezing  the  thrust  celt  with  a  reference  load  cell  In  the  plane  of  the  measurement  cell  could  conceivably  calibrate 
the  overall  system  on  s  routine  basis.  However,  because  the  engine  thrust  vector  is  some  distance  above  the  load  cel),  a  centre-puli 
calibration  with  the  engine  in  place  is  mandatory,  aa  the  overturning  moment  induced  in  the  stand  can  cause  the  flexures  to  change  loading 
from  tension  to  compression.  Should  this  happen,  the  calibration  will  likely  be  non-linear,  unrepeatable,  and  sensitive  to  changes  In  mass. 

3.4  Thrust  Accounting 

tn  an  outdoor  facility,  the  engine  operates  in  a  uniform  static  pressure  field;  thus  the  pressure  in  the  plane  of  the  nozzle  exit  is  the  same 
as  that  surrounding  the  engine.  For  this  situation,  with  still  air  conditions,  the  measured  thrust  on  the  load  cell  Is  equal  to  the  engine  gross 
thrust  In  an  indoor  facility,  an  exhaust  collector  la  generally  placed  in  close  proximity  to  the  nozzle  exit,  creating  an  ejector  effect,  thereby 
inducing  eecondary  airflow  through  the  tost  cell.  This  placement  combined  with  the  secondary  airflow  entering  the  collector,  locally  modifies 
the  static  pressure  field  at  the  nozzle  exit 

For  this  situation,  the  engine  static  preasure  environment  is  different  from  that  measured  by  the  trailing  edge  statics,  the  value  of  which 
was  defined  as  PAM8  in  the  UETP  General  Test  Plan  (Ref.  1).  To  overcome  this  difficulty,  all  pressure  forces  were  referred  to  a  plane 
upstream  of  the  engine  inlet,  which  when  added  to  the  scale  force  and  momentum  terms,  yielded  a  value  for  gross  thrust  (Figure  8  from 
Ref.  3). 

In  this  installation,  the  bell  mouth  is  mechanically  coupled  to  the  engine  stand.  The  locations  of  the  planet  of  accounting  are  somewhat 
arbitrary,  except  for  the  exhaust  sxH  plane.  The  requirements  for  planes  0  and  b  are  uniform  static  pressure  and  velocity.  Definition  of 
planet  0  and  b  might  provt  difficult  in  tost  calls  that  have  distorted  flow  fields,  which  may  occur  with  a  vertical  Inlet 

The  sum  of  the  forces  acting  on  the  control  volume,  under  stoady-etato  conditions,  Is  equal  to  the  change  in  axial  momentum  across 
the  control  volume.  A  summary  of  the  pertinent  equations  Is  as  follows: 


Fm  *  AS.  -  /V*  -  AJP.  *Ft*F,-Ftm-  W.V,  ♦  WbVb 


wbvc 


where  F,  -  drag  force  on  the  thrust  frame 
F,  -  friction  drag  on  the  engine 
F„  -  friction  drag  on  the  waits 


The  most  significant  aerodynamic  oomponent  of  the  thrust  measurement  is  the  intrinsio  inlet  momentum,  which  produces  a  force  on 
the  engine  aa  a  resub  of  drawing  air  Into  the  teat  cell  (Ref.  10).  For  static  engine  tasting,  ths  magnitude  of  this  force  may  be  substantial. 
Since  this  force  is,  In  effect,  a  drag  term,  it  must  be  added  to  the  measured  thrust  of  the  engine.  A  complete  breakdown  of  ell  the  terms 
is  given  in  Ref.  3,  but  for  illustrative  purposes,  the  size  of  the  Individual  components  for  NACC  Is  shown  In  Figure  0. 

CEPr  bed  e  detached  betimouth  In  their  facility,  thus  the  thrust  accounting  more  ctoeely  approximates  that  for  altitude  cells. 

4  Performance  Calculation* 

4.1  Amblarrt  Corrections 

Conaodonatorambtanttamparalura  and  pfaaaufaaraabaolutatynaoaiiaiy  toe  angina  parformanoaavatuadon.  It  mi  ihown  In  8#ctton 
1  Sot  Rat.  2  thwdiaflandari  oonaedona  ait  valid  only  ova.  a  vary  timttadrangaot  aacurUon  from  aUndard  day  eondldona.  Moraeomptax 
anglnaa  amptoytng  vartabta  gaomady  would  davtata  avan  furtha.  uatog  ttmpttattc  oorraodona,  tfwa  tha  naad  to.  an  ampirical  angina  modal 
o.  'ey  eta  daok1  lor  data  raduedon  and  oompariaon. 
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Another  factor  of  concern  to  ground-level  cells  is  the  praaanoa  of  humidity  (n  tha  Inlet  air.  Engine  performance  is  significantly  affected 
by  high  humidity  in  the  intake  air.  While  air  properties  (Cp,  y,  MW,  R  -  specific  heats,  molecular  weight,  and  gas  constant)  can  be  corrected 
for  reasonably  low  levels  of  absolute  humidity,  high  relative  humidity  may  result  in  condensation  in  the  engine  inlet  The  phase  change  from 
vapour  to  liquid  in  the  accelerating  sir  inflow  stream  results  In  s  temperature  rise  in  the  air  stream,  which  Is  difficult  to  handle  precisely  for 
airflow  calculations.  Subsequent  evaporation  in  the  fan  stream  reverses  the  process.  Furthermore,  wetness  of  fan  blade  surfaces  may  affect 
fan  efficiency.  Visible  moisture  in  the  air  could  also  enter  the  pressure  probes  introducing  biases  In  the  pressure  measurements.  Thus,  in 
order  to  avoid  condensation  in  the  air  inlet  stream,  the  following  atmospheric  limitations  should  be  observed: 

maximum  rafatfve  humidity:  75% 

maximum  absolute  humidity:  14  g  water/kg  air  (98  grains) 

The  thermodynamic  properties  of  moist  air  may  be  determined  by  a  weighted  average  of  the  properties  of  the  two  components  -  dry 
sir  (subscript  a)  and  water  vapour  (subscript  w).  Based  on  absolute  humidity,  q,  in  grams  of  water  vapour  per  kilogram  of  dry  air,  the 
following  equivalent  dry  air  properties  can  be  defined: 


1000  C„  ♦  qcaw 
"  1000  ♦  q 

(, specific  heat  at  constant  pressure 1) 

1000C„a  ♦  qCvw 
v  1000  -  q 

(specific  heat  at  constant  volume/) 

1000  cM  ♦  <?c„ 

T  1000  C„  ♦  qCv  w 

(ratio  of  specific  heaU) 

1000  fl.  ♦  qRw 

1000  ♦  q 

(gas  constant) 

This  approximate  method  and  its  experimental  verification  Is  described  In  Ref.  1 1 .  It  yields  corrections  to  obtain  dry  thrust  and  airflow 
at  constant  rotor  speed,  ram  pressure  ratio,  and  inlet  temperature. 

Recent  studies  of  available  literature  show  that  while  the  above  corrections  apply  in  a  number  of  cases,  they  are  by  no  means  all- 
inclusive.  As  a  result  an  AGARD  PEP  study  group  has  been  formed  to  critically  rariew  the  literature  and  produce  a  document  with 
application  guidelines. 

Corrections  of  ground-level  groes  thrust  were  shown  not  to  agree  with  the  equations  listed  in  Ref.  1 .  K  was  shown  that  corrections  using 
the  tailpipe  mounted  ambient  pressure  sensor  (PAMB)  were  Invalid.  The  PAMB  measurement  was  directly  influenced  by  the  nozzle  to 
collector  spacing  and  size  ratio,  and  thus  was  not  indicative  of  the  pressure  field  surrounding  the  engine.  To  account  for  this  interference 
for  the  J57  engine,  corrections  of  thrust  in  ground-level  cells  is  simply: 


FOR  -  FOR, 


rather  than: 

FGR  •  (FG/&)  ♦  {A8tt){PAMB  -  P2AV) 


as  defined  for  ground-level  cads  in  the  UETP  (Ref.  2). 

4.2  Flow  Coefficient 

The  use  of  nozzle  flow  coefficients  for  validation  of  facility  measured  thrust  and  airflow  also  has  application  to  ground-level  test  cells. 
The  technique  was  well  documented  in  Section  13  of  Ref.  2,  and  in  the  previous  lecture,  thus  will  not  be  repeated  here.  Turbine  flow 
functions  also  have  some  use,  but  to  be  valid  the  final  nozzle  must  operate  in  a  choked  condition,  which  may  limit  their  use  to  high  pressure 
ratio  anginas.  Variable  area  final  nozzles,  as  era  typified  by  afterburning  engine#,  make  this  technique  less  useful,  for  the  geometric  area 
must  be  a  repeatable  known  value. 

4.3  Data  Handling  and  Praaantation 

Experimental  program#  such  as  tha  UETP  can  produce  voluminous  quantities  of  data,  especially  If  an  automated  data  gathering  and 
handling  system  la  used.  Thera  la  a  graak  tendency  to  measure  everything  that  Is  possible  often  without  regard  as  to  how  the  data  will  later 
be  presented.  Complete  reduction,  cataloguing,  analysis  and  storage  of  the  data  should  be  done  within  several  days  (preferably  the  same 
day)  of  tha  test  Memories  of  those  present  during  the  test  are  sometimes  very  short  A  good  example  Is  this  Lecture  Series.  It  is  difficult 


10-6 


to  roc alt  all  the  thought  prooMMt  that  were  used  at  the  tlm%  of  the  data  comparison,  with  tha  consequence  that  tome  Important  item*  may 
have  baan  overlooked. 

Soma  tpacifie  llama  that  wara  encountered  at  NRCC  wars: 

i)  Tha  uaa  o f  softwere  to  selectively  atimlnato  faulty  sensor  vaJuaa  can  ba  risky.  Typical  software  programs  calculate  a  rake  average  and 
than  attempt  to  eliminate  outliers.  Certain  stations  within  the  engine  have  severe  pressure  or  temperature  gradients,  thus  good  data 
would  be  removed  lor  the  wrong  reason.  Another  difficulty  with  outliers  Is  trying  to  decide  when  to  throw  out  en  entire  test  point 
because  of  one  bad  seneor,  or  removing  one  sensor  as  faulty  if  It  la  only  intermittent 

li)  Cutvefffting  of  certain  parameters  using  a  quadratic  equation  may  lead  to  erroneous  results,  e.g.,  SFC,  turbine  efficiency,  etc.,  because 

of  their  very  non-linear  shape.  Polynomial  curve  fitting  should  be  employed  instead. 

i>i)  Test  planning  and  execution  should  include  repeat  data  points  within  s  run  end  across  runs  within  s  test  series.  An  engine 
thermodynamic  model  should  be  available  to  estimate  the  range*  of  measurements,  to  derive  temperature  lapse  rates  end  to  assess 
changes  in  performance  or  to  detect  bad  sensors. 

hr)  Measurement  uncertainty  analysis  should  include  a  complete  error  audit  of  all  error  sources  for  key  parameters.  A  complete  description 

of  the  calculation  algorithms  for  all  performance  parameters  Is  necessary.  Error  models  for  transducers  will  have  a  major  effect  on  the 
system  accuracy.  The  comparison  of  curvefltted  data  must  include  the  errors  introduced  by  the  curve  slope  effect  end  the  effects  of 
common  measurements  In  both  the  dependent  and  independent  parameters. 

5  Concluding  Remarks 

Ground-level  test  cells,  despite  their  limitations  on  environmental  control  fulfil  an  important  role  in  assessing  engine  performance. 
Enclosed  test  cells  require  a  number  of  corrections  to  the  measured  value  of  thrust  to  obtain  an  uninstalled  gross  thrust  These  corrections 
may  be  analytically  derived  from  detailed  measurements  in  s  test  facility,  or  may  be  established  by  comparing  enclosed  test  facility  results 
to  some  standard  datum.  A  universally  accepted  datum  Is  an  outdoor  test  stand,  which  when  utilized  In  conditions  of  zero  wind,  measures 
gross  thrust  directly  as  scale  force.  With  future  engines  growing  In  terms  of  thrust  and  airflow,  the  importance  of  the  test  cell  design  and 
the  thrust  corrections  needed  to  account  for  the  test  cell  effect*  will  increase  dramatically.  A  better  understanding  of  the  interaction  between 
the  engine  and  its  Immediate  surroundings  will  enhance  the  quality  and  efficiency  of  engine  testing  in  the  future. 
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Figure  1  Major  test  cell  areas  of  consideration 
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Figure  2  Nozzle  and  collector  effects  on  entrainment  ratio 


Figure  5  Comparison  of  Inlet  and  exhaust  geometries  -  ground-level  cells 


Figure  6  Typical  turbine  meter  calibration 
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Figure  7  NIST  round-robin  calibration  results 
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PREFACE 


Presented  herein  is  a  general  test  plan  which  specifies  common  test 
hardware,  instrumentation,  data  acouisition,  and  data  processing 
procedures  for  the  AGARD  Uniform  Engine  Test  Program  (AGARD-UETP) .  This 
plan  should  serve  as  a  guideline  for  the  preparation  of  each 
participant's  test  plan  and  as  a  control  document  for  the  definition  of 
the  test  engine  and  related  test  hardware.  The  general  test  plan  is 
being  compiled  and  maintained  by  the  Arnold  Enqineerinq  Development 
Center  and  material  pertaining  to  the  plan  should  be  forwarded  to  the 
Working  Group  Chairman  (Dr.  J.  G.  Mitchell). 


A-5 


TABLE  OF  CONTENTS 


1.0  INTRODUCTION  .  9 

2.0  AGARD-0ETP  MEMBERSHIP .  10 

3.0  AGARD-UETP  OBJECTIVES  AND  MEMBERSHIP 

RESPONSIBILITIES 

3.1  Program  Objectives .  14 

3.2  AGARD  Working  Group  IS  Authority/ 

Responsibilities .  14 

4.0  AGARD-UETP  TEST  PARTICIPANTS  .  16 

5.0  PARTICIPANT  TEST  OBJECTIVES  AND  RESPONSIBILITIES 

5.1  Facility  Test  Objectives .  18 

5.2  Participant  Responsibilities .  18 

5.3  Participant  Test  Schedule .  19 

6.0  ENGINE  DESCRIPTION 

6.1  General  Description  .  20 

6.2  Compressor  Bleeds . 20 

6.3  Oil  Cooler.  . .  21 

6.4  Engine  Exhaust  Nozzle  .  21 

6.5  Engine  Instrumentation .  22 

6.5.1  General .  22 

6.5.2  Station  Designation  and 

Nomenclature  .  22 

6.5.3  Instrumentation  Connections  and 

Identification  . .  22 

6.5.4  Referee  Instrumentation 

Requirements  . .  23 

6.5.5  Dynamic  Pressure  Transducers  .  23 

6.6  Spare  Parts . 23 


A -6 


7.0  TEST  INSTALLATION  REQUIREMENTS 

7.X  General . 24 

7.2  Engine  Inlet  Hardware . .  .  24 

7.3  Test  Cell  Cooling  and  Flow  Gradients. .  24 

7.4  Engine  Mount  System  .  25 

7.5  Engine  Installation  Interface  Definitions  .  25 

7.6  Engine  Fuel  System .  27 

7.7  Power  Lever  Shaft  Schedule  and  Rigging.  .  .  27 

7.8  Electrical  System  Requirements .  28 

7.9  Lubricating  Oil  System.  . .  28 

7.10  Hardware  Items  Available  to 

OETP  Participants  . .  28 

7.11  Available  Drawings  for  UETP .  30 

8.0  TEST  PROCEDURES 

8.1  Operating  Procedures 

8.1.1  Engine . 31 

8.1.2  Trim . 31 

8.2  Pretest  Checks 

8.2.1  Ignition  Checks .  31 

8.2.2  Fuel  System  Leak  Checks .  32 

8.2.3  Windmilling  Check .  32 

8.2.4  Engine  Oil  Service .  32 

8.2.5  Engine  Inspection .  32 

8.3  Engine  Posttest  Inspection .  32 

8.4  Test  Conditions . 32 

8.4.1  Altitude  Testing  .  32 

8.4.2  Sea-level  Testing .  34 

8.5  Log  Requirements . - .  34 


A-7 


9.0  TEST  DATA  REQUIREMENTS 

9.1  Acquisition .  36 

9.2  Editing  and  Validation .  36 

9.3  Standard  Equations  for  UETP .  36 

9.4  Nomenclature .  55 

9.5  Data  Presentation  Format.  . .  59 

9.6  Format  for  Data  Transmittal .  60 

9.7  Suggested  Performance  Parameters .  69 

9.8  Performance  Pie*  . 70 

9.9  Data  and  Reror*  Transmittal . 70 

10.0  ERROR  ASSESSMENT  .  71 

11.0  REPORTING 

11.1  Facility  Test  Plan  Format .  72 

11.2  Facility  Test  Report .  73 

12.0  ENGINE  PRESERVATION  AND  SHIPPING 

12.1  Engine  Preservation  (Altitude  Facilities)  .  74 

12.2  Engine  Preservation  (Sea-Level 

Test  Facilities) .  75 

12.3  Engine  Waterwash . 76 

12.4  Shipping .  76 

TABLES 

I.  Referee  Instrumentation  Recommendations  ........  77 

II.  Mil  Power  Settings  for  Trim  Check  . .  78 

III.  Test  Conditions . 79 

A.  Engine  No.  1,  S/N  607594 .  79 

B.  Engine  No.  2,  S/N  F615037  .  80 

C.  Sea-Level  Facilities-Bleed  Closed  Settings .  81 

D.  Sea-Level  Facilities-Bleed  Open  Settings .  82 


A-8 

IV.  Test  Summary  Sheet . .  83 

V.  Description  of  Data  Measurement  Systems  . .  84 

A.  Pressures .  84 

B.  Temperatures.  . .  85 

VI.  Identification  of  Elemental  Error  Sources  .  86 

VII.  Estimated  Measurement  Uncertainties  .  87 

VIII.  Estimated  Performance  Parameter  Uncertainties  .  88 

FIGURES 

1.  Pratt  &  Whitney  Aircraft  J57-P-19W  Turbojet  Engine.  ...  89 

2.  Modified  Tailpipe  and  Reference  Nozzle  Assy .  90 

3.  UETP  Engine  Instrumentation  Station  Locations  .  91 

4.  Engine  Internal  Aerodynamic  Pressure  6 

Temperature  Instrumentation  ....  .  92-101 

5.  Engine  Installation  in  NASA  Supplied  Test  Stand  .  102-104 

6.  Engine  Inlet  Bulletnose  .  105 

7.  NASA  Bulletnose  and  Engine  Inlet  Instrumentation 

Spool  Piece  Design . . .  106 

8.  Engine  Lubricating  Oil  System  Schematic  .  107 

9.  J57  Installation  at  NASA  LeRc .  108 

10.  Standard  AGARD  Engine  Performance  Plots  .  109-114 

APPENDICES 

I.  Recommended  Spare  Parts  for  J57  Unified 

Engine  Test  Program  . . .  .  .  .  116 

II.  SDectrometric  Oil  Analysis  Program  Sample 

(SOAP)  Limits  for  J57-P-19W  Engine .  118 

III.  Engine  Operating  Procedures  .  119 

IV.  Engine  Operational  Limits  .  .  130 

V.  Calculation  of  Kinematic  Viscosity  Constants.  .....  135 


Document  ID  5140A 


1.0 


INTRODUCTION 


The  overall  purpose  of  the  AGARD-Uniform  Engine  Test  Proqram  (UETP) 
is  to  bring  an  understanding  of  turbine  engine  ground  test  data  for 
participating  AGARD  countries  to  a  common  denominator,  and  to  imDrove 
test  techniques,  instrumentation  and  test  equipment  for  turbine  enqine 
testing.  The  improved  understanding  and  methods  are  to  be  achieved 
through  a  comparative  engine  test  program.  In  this  proqram,  two  J57P-19W 
nonafterburning  turbojet  engines  are  to  be  made  available  from  the  U.S. 
Air  Force.  The  plug  type  nozzle  of  the  J57  will  be  replaced  with  a 
cylindrical  tailpipe  and  a  reference  converoent  nozzle.  The  intent  of 
replacing  the  exhaust  nozzle  is  to  simplify  the  installation  of  nozzle 
instrumentation  and  the  calculation  of  nozzle  performance.  Certain  fixed 
instrumentation  will  be  provided  to  travel  with  the  enqine.  This 
reference  instrumentation  will  be  used  to  set  test  conditions,  monitor 
engine  health  and  engine  performance  degradation.  The  basic  objectives 
of  the  UETP  is  that  each  participant  use  those  facility  test  procedures, 
instrumentation  arrangements  and  analysis  methods  that  are  consistent 
with  their  normal  practices  to  define  three  basic  engine  performance 
parameters:  airflow  rate,  net  thrust,  and  specific  fuel  consumption. 

NASA  Lewis  Research  Center  will  initiate  the  test  program  and  be 
responsible  for  the  initial  proqram  management.  Two  newly  overhauled 
engines  will  be  delivered  from  the  U.S.  Air  Force  Logistics  Command  to 
NASA  Lewis  Research  Center  for  modification  and  checkout  prior  to  the 
initiation  of  the  UETP.  The  initial  and  final  participant  facility  tests 
of  the  UETP  will  be  conducted  at  NASA  Lewis  Research  Center.  Te3t  data 
from  the  final  retest  at  NASA  Lewis  Research  Center  will  be  used  to 
assess  engine  performance  degradation. 

The  purpose  of  this  document,  the  General  Test  Plan  (GTP) ,  is  to 
specify  participant  common  test  hardware,  instrumentation,  data 
acquisition,  data  processing  procedures  and  will  serve  both  as  a 
guideline  for  the  preparation  of  the  participants  test  plan  and  as  a 
control  document  for  the  definition  of  the  test  engine  and  related  test 
hardware. 
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2.0  AGARD-UETP  MEMBERSHIP 
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BELGIUM 


ITALY 


M.  le  Prof.  R.  Jacques 
Ecole  Royale  Militalre 
30  Avenue  de  la  Renaissance 
1040  Bruxelles 

TELE:  02-7339794  x  378  or  246 


Dr.  Ing.  G.  Maoli 
FIAT  S.o.A. 

Via  L.  Bissolati  57 

00187  Roma 

TELE: 


CANADA 

Dr.  W.  L.  MacMillian 
National  Defense  Headquarters 
CRAD/DST  (OV) 

101  Colonel  By  Drive 
Ottawa,  Ontario  D1A  OK2 
TELE: 


NETHERLANDS 

Ir.  J.  P.  K.  Vleghert 

National  Aerospace  Laboratory 

P.  0.  Box  90502 
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1059  CM  Amsterdam 

TELE: 


FRANCE 

Ing  en  Chef  de  l'Armement  J. 
Cocheteux 

Service  Technique  des  Programmes 
Aeronautiques 

4  Avenue  de  la  Porte  d'Issy 
75996  Paris  Armees 
France 
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GERMANY 

Dr.  D.  K.  Hennecke 
Motoren  und  Turbinen  Union 
GmbH  (MTU) 

Abt.  EW 

Dachauerstrasse  665 
8000  Munchen  50 
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TURKEY 

Professor  Dr.  A.  Ucer 

Middle  East  Technical  University 

0  D  T  U 

Makina  Muh.  Bolumu 
Ankara,  Turkey 
TELE: 

UNITED  KINGDOM 

Mr.  A.  J.  B.  Jackson 
Rolls-Royce  Limited 
Aero  Division 
P.  0.  Box  31 
Derby  DE2  8BJ 

TELE:  (0332)  42424  X  1009 

Mr  N.A.  Mitchell 
Rolls-Royce  Limited 
P.O.Rox  3 
Filton,  Bristol 
BS12  7QE 


UNITED  STATES 
Hr.  A.  A.  Martino 
Director,  Measurement  & 
Information  Systems  DeDartment 
Naval  Air  Propulsion  Center,  Code 
PE  4 

P.  0.  Box  7176 
Trenton,  New  Jersey  08628 
TELE:  (609)  836-5713 
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National  Research  Council 
Engine  Laboratory 
Montreal  Road  Lab.,  Bldg.  M-7 
Ottawa,  Ontario  K1A  0R6,  Canada 
TELE:  (613)  993-2214 

TELEX:  053  3386 

FRANCE 

M.  F.  Fagegaltier 
Centre  d'Essais  des  Propulseurs 
91406  Orsay 
TELE:  (6)  941-8150 

TELEX:  692148 

GERMANY 

Prof.  Dr-Ing.  W.  Braig 
Institut  fur  Luftfahrt-Antriebe 
Stuttgart  University 
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3.0  AGARD  UETP  OBJECTIVES  AMD 
MEMBERSHIP  RESPONSIBILITIES 


3.1  PROGRAM  OBJECTIVES 
General 


To  provide  a  basis  for  upgrading  the  standards  of  turbine  enqine 
testing  within  AGARD  countries  by  comparing  test  procedures, 
instrumentation  techniques,  and  data  reduction  methods,  thereby 
increasing  confidence  in  performance  data  obtained  from  engine  test 
facilities. 

To  compare  the  performance  of  an  engine  measured  in  ground-level  test 
facilities  and  in  altitude  facilities  at  the  same  non-dimensional 
conditions  and  establish  the  reasons  for  any  observed  differences. 

Specific 


Define,  initiate,  and  monitor  a  facility-to-f acility  comparative 
engine  test  program. 

Compare  the  engine  performance  measured  in  the  various  facilities  and 
resolve"  any  observed  differences. 

Prepare  an  AGARDograoh  summarizing  the  results. 

3.2  AGARD  WORKING  GROUP  IS  AUTHORITY /RESPONSIBILITIES 

1.  Prepare  and  maintain  the  General  Test  Plan. 

2.  Formulate  program  objectives. 

3.  Define  and  implement  program  pretest  and  posttest  study 
requirements. 

4.  Arrange  logistic  support  activities  and  provide  procedures  for 
logistic  support. 

5.  Arrange  for  interfacility  written  material  to  be  translated  and 
transmitted  in  a  timely  manner. 

6.  Review  participant’s  Engine-Test-Plans  for  format  and  content 
and  oversee  changes. 

7.  Establish  procedures  for  the  exchange  of  information  among  test 
participants. 

8.  Establish  procedures  to  resolve  test  participant  inquiries. 

9.  Resolve  differences  in  participant  engine  performance  data. 


A- 1 5 


10.  Prepare  program  AGARDographs. 

11.  Assure  test  continuity  via  an  Overview  Committee. 

a.  Define  interim  participant  test  reporting  requirements. 

b.  Provide  early  review/assessment  of  selected  data  from  each 
participant's  test  program. 

c.  Provide  technical  advisory  services  to  the 
AGARD-PEP-Working  Group  15  Chairman,  as  required,  to  assure 
participant  compliance  with  UETP  procedures. 

d.  Provide  technical  advisory  services  to  the 
AGARD-PEP-Working  Group  .15  chairman,  as  required,  to  assure 
consistency  in  engine  performance  data  reported  bv 
participants. 


1. 


4.0 

Facility:  NASA 

Representatives 
Mailing  Address 


AGARJ3-UETP  TEST  PARTICIPANTS 

Lewis  Research  Center 

Mr  T.  Biesiadry 
21000  Brookpark  Road 
Cleveland,  Ohio  44135 


Type  Tests  Altitude 

2.  Facility!  Naval  Air  Propulsion  Center 

Representatives  Mr.  R.  Connell 

Mailing  Addresss  P.  o.  Box  7176 

Trenton,  New  Jersey  0862B 
USA 

Type  Tests  Sea-Level 

3.  Farilityi  National  Research  Council 

Representatives  Mr.  D.  M.  Rudnitski 

Mailing  Addresss  Engine  Laboratory 

Ottawa  Ontario  I1A  OR6 
Canada 

Type  Tests  Sea-Level 

4.  Facility!  Royal  Aircraft  Establishment  (Pyestock) 

Representatives  Mr.  M.  Holmes 

Mailing  Addresss  Farnborough 

Hants  GUI 5  OLS 
England 

Type  Tests  Altitude 

Facility!  Centre  d'Essais  des  Propulseurs 

^/Representatives  M.  F.  Fagegaltier 

Mailing  Addresss  Saclay 

91406  Orsay 
France 


Type  Tests 


Altitude  and  Sea-Level 


6.  Facility*  Engine  Overhaul  Division 

Representatives  Captain  Fehmi  Algun 

Mailing  Address*  Turkish  Air  Force  Command  Logistics 

Technical  Department 
Hv.  K.  K.  ligi  Lojistik  Bsk .  ligi 
Bakanlikiar/ Ankara 
Turkey 

Type  Tests  Sea-Level 

7.  Facility*  Arnold  Engineering  Development  Center  (AEDC) 

Representative  *  Mr.  J.  T.  Tate  {Sverdrup  Technology,  Inc.) 


Mailing  Address*  Arnold  Air  Force  Station 
Tennessee  37389 
USA 

Type  Test*  Altitude  and  Sea-Level 
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5.0  PARTICIPANT  TEST 
•OBJECTIVES  AND  RESPONSIBILITIES 

5.1  FACILITY-TEST  OBJECTIVES 

1.  Assess  turbine  engine  performance  at  specif ied’test  conditions 
and  engine  power  levels  using  facility  test  procedures, 
instrumentation  arrangements  and  analysis  methods  consistent 
with  participants'  normal  practices. 

2.  Report  test  results  in  a  specified  form/format  which  will 
enhance  direct  comparison  and  correlation  with  test  results 
reported  by  other  test  participants. 

5.2  PARTICIPANT  RESPONSIBILITIES 

1.  Provide  a  pretest  Facility  Test  Plan  which  defines  the 
following: 

-  Test  installation. 

-  Instrumentation  schematics. 

-  Data  acquisition  system. 

-  Test  hardware. 

-  Data  reduction  procedures  and  equations. 

-  Estimated  measurement  uncertainty. 

-  Engine  operational  procedures. 

-  Engine  service  systems  {fuel,  oil,  electrical). 

-  Basic  engine  performance  systems  (thrust,  airflow,  and  fuel 
flow) . 

2.  Conduct  testing  to  provide  an  assessment  of  specified  enqine 
performance  at  specified  test  environmental  conditions  and 
engine  power  levels. 

3.  Prepare  and  transmit  a  final  data  package  in  accordance  with  the 
requirements  of  the  General  Test  Plan. 

4.  Prepare  and  transmit  a  final  test  reoort  in  accordance  with  the 
requirements  of  the  General  Test  Plan. 

5.  Support  the  Working  Group  in  making  the  interfacility  data 
evaluations  and  in  the  preparation  of  the  final  report,  as 
required. 
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5.3  PARTICIPANT  TENTATIVE  TEST  SCHEDULE 

Engine  delivery  to  NASA  Lewis  Research  Center 

Engine  instrumentation  and  checkout  completed 

Testing  completed  and  engine  shipped 

Arrival  at  Arnold  Engineering  Development 
Center,  U.S.A. 

Testing  completed  and  engines  shipped 

Arrival  at  National  Research  Laboratory,  Canada 

Testing  completed  and  engines  shipped 

Arrival  at  Centre  d'Essais  des  Propulseurs, 
France 

Testing  completed  and  engines  shipped 

Arrival  at  Royal  Aircraft  Establishment 
(Pyestock),  England 

Testing  completed  and  engines  shipped 

Arrival  at  Engine  Overhaul  Division,  Turkey 

Testing  completed  and  engines  shipped 

Arrival  at  Naval  Air  Propulsion  Center,  U.S.A. 

Testing  completed  and  engines  shipped 

Arrival  at  NASA  Lewis  Research  Center 

Testing  completed  and  engines  shipped 

Arrival  at  Oklahoma  City  Air  Logistics  Center, 
U.S.A. 


30  November  1980 
1  May  1981 
15  December  1981 
1  January  1982 

24  May  1982 
1  June  1982 
1  September  1982 
1  October  1982 

1  March  1983 
1  April  1983 

1  July  1983 
1  August  1983 
1  November  1983 
1  December  1983 
1  March  1984 
15  March  1984 
15  June  1984 
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6.0  ENGINE  DESCRIPTION 

6.1  GENERAL  DESCRIPTION 

The  test  engines  will  be  U.  S.  Ait  Force  supplied  J57-P-19W  turbojet 
engines.  The  J57-P-19W  engine  (Fig.  1)  is  an  axial-flow,  two  soool 
non-augmented  turbojet  with  a  fixed-area  exhaust  nozzle.  Rated 
sea-level-static  thrust  is  46.71  kN  (10,500  lb)  at  military  power.  The 
engine  inlet  diameter  is  .932  m  (36.7  in),  and  the  maximum  enqine  drv 
weight  is  approximately  1882  Kg  (4150  lb). 

The  engine  compression  system  is  a  sixteen-staqe  two-spool  compressor 
with  an  overall  pressure  ratio  of  11.3:1  and  a  rated  airflow  of  74.843 
kg/sec  (165  lb/sec)  at  sea-level-static,  militarv  power  conditions.  The 
nine-stage,  low-pressure  compressor  (LPC)  is  connected  by  a  throuqh-shaf t 
to  a  two-stage,  low-pressure  turbine.  The  seven-stage,  h igh-Dressure 
'compressor  (HPC)  is  connected  by  a  hollow  shaft  to  the  single-staae, 
high-pressure  turbine.  An  intercompressor  bleed  discharges  air  overboard 
through  a  bleed  port  during  starting  and  low  power  operation. 

The  combustor  section  consists  of  an  annular  diffuser  and  a  cannular 
combustor  unit  with  eight  flame  tubes.  Each  flame  tube  contains  six 
dual-orifice  fuel  spray  nozzles.  Ignition  is  accomolished  by  soark 
igniters  located  in  flame  tubes  4  and  5.  Combustion  spreads  to  the  other 
fiame  tubes  by  means  of  cross-over  tubes  welded  to  the  forward  section  of 
each  chamber.  Power  to  the  soark  ignition  is  provided  bv  a  7-amo,  24-vdc 
external  source. 

Engine  fuel  is  metered  by  a  hydtomechanical  fuel  control  as  a 
function  of  power  lever  position,  high-pressure  compressor  rotor  soeed, 
compressor  inlet  temoerature,  and  compressor  discharae  pressure.  Hiah 
pressure  rotor  speed,  at  a  fixed  power  lever  position,  is  biased  by 
compressor  inlet  temperature;  burner  pressure  is  limited  to  a  maximum  of 
approximately  1,378  kPa  (200  psia) . 

The  test  engines  are  production-configuration  USAF  J57-P-19W  turbojet 
engines  (S/N  P607594  and  S/N  F615037)  modified  to  provide  (1)  a 
cylindrical  tailpipe  and  converging  exhaust  nozzle  assembly,  (2)  a 
"referee"  Uniform  Engine  Testing  Program  Instrumentation  Packaqe,  and  (3) 
a  water/oil  cooler  to  replace  the  aircraft  oil  cooler.  The  test  oroqram 
does  not  require  horsepower  extraction,  water-injection,  customer  bleed, 
or  anti-ice. 

6.2  COMPRESSOR  BLEEDS 

The  production  enqine  configuration  (J57-P-19W)  utilizes  two 
compressor  bleed  valves  (left  and  right).  Operation  of  the  engine  with 
the  bleed  valves  in  this  configuration  limits  the  high-power  rotor  speed 
range  (with  both  bleeds  closed)  to  approximately  26.18  Hz  (250  rpm) 
(High-Pressure  Rotor  Speed).  This  limited  soeed  ranqe  prevents  use  of 
the  test  procedure  recommended  by  the  PEP  Working  Group  15  (nine 
steady-state  power  levels  between  the  bleed-closed  power  level  and  the 


A-21 


military  engine  power  level) .  Operation  of  the  engine  with  the 
right-hand  compressor  bleed  blocked  off  will  allow  a  high-power  rotor 
speed  range  of  approximately  800  rpm  (High-Pressure  Rotor  Speed)  between 
the  bleed-closed  power  level  and  the  military  engine  power  level.  The 
increased  rotor  speed  range  should  allow  use  of  the  PEP  Working  Group  No. 
15  recommended  test  procedure. 

The  bill-of-material  configuration  of  the  J-57  engine  models  designed 
for  "fighter"  applications  (J57-21B  and  J57-23B  models  for  example)  have 
blanked-off  right-hand  compressor  bleed  ports  (right  and  left  hand  ports 
are  defined  as  looking  upstream).  However,  the  single-bleed  engine 
configurations  have  a  "larger"  left-hand  bleed  port  opening  than  the 
left-hand  bleed  port  opening  of  the  two-bleed  engine  configurations  as 
noted  below: 

■FIGHTER  ENGINES"  "BOMBER  ENGINES" 


Left  Bleed  4.3  Diam.  Orifice  3.25  Diam.  Orifice 

Right  Bleed  CAPPED  2.20  Diam.  Orifice 


For  this  test  program,  the  engine  bleeds  have  been  modified  to  a 
"fighter"  configuration  in  order  to  increase  the  bleed  close  operating 
range. 


6.3  OIL  COOLER 

Engine  operation  requires  the  use  of  an  external  oil  cooler.  A  test 
stand  mounted  oil  cooler  will  be  used  and  shipped  with  the  engine.  This 
oil  cooler,  which  will  use  water  as  the  coolant,  is  to  maintain  the  oil 
temperature  at  366.48°K  (200°F)  at  the  outlet  of  the  oil  cooler. 

There  is  no  operational  requirement  to  perform  heat  transfer 
calculations. 

6.4  ENGINE  EXHAUST  NOZZLE 

Because  the  tailcone  on  the  standard  J57-P-19W  extends  through  the 
nozzle  exit  plane  (see  Fig.  1),  the  Bill-of-Material  nozzle  will  be 
replaced  by  a  cylindrical  tailpipe  and  a  reference  convergent  nozzle  both 
fabricated  by  rolling  sheet  metal  (Fig.  2).  The  cylindrical  tailpipe 
will  provide  a  more  suitable  platform  for  the  extensive  pressure  and 
temperature  instrumentation  needed  to  establish  nozzle  inlet  conditions. 
This  approach,  however,  does  require  a  calibration  test  run  with  the  new 
tailpipe-nozzle  assembly  to  size  the  nozzle  so  that  engine  performance 
can  be  restored  to  approximately  the  nominal  value.  NASA  LeRC  has 
accepted  the  responsibility  of  fabricating  the  nozzles  and  conducting  the 
calibration.  Even  though  two  engines  will  be  available  for  the  program, 
it  is  planned  to  use  only  one  tailpipe-nozzle  assembly. 
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6.5  ENGINE  INSTRUMENTATION 

6.5.1  General 

The  test  instrumentation  package  will  consist  of  facility-peculiar  or 
primary  instrumentation  and  engine-peculiar  or  referee  instrumentatlca. 
The  primary  instrumentation  will  consist  of  that  required  by  each 
facility  to  determine  engine  fuel  flow,  airflow,  thrust,  and  test  cell 
environmental  conditions.  The  referee  instrumentation  will  be  mounted  on 
the  engine  or  support  stand  by  NASA  and  travel  with  the  engine. 

6.5.2  Station  Designation  and  Nomenclature 

The  station  designations  for  the  referee  instrumentation  conform  to 
SAE-755A  (Aerospace  Recommended  Practice  for  Gas  Turbine  Engine 
Steady-State  Performance  Presentation  for  Digital  Computer  Programs)  and 
are  shown  in  Fig.  3.  Diagrams  showing  the  number  and  types  of 
aerodynamic  instrumentation  to  be  installed  in  the  test  engines  are  shown 
in  Fig.  4. 

All  instrumentation  measurements  (except  rotor  speeds)  will  be  made 
with  facility  supplied  sensors.  Enqine  fuel  flow  rates  will  be  measured 
with  both  facility  supplied  fuel  flowmeters  and  engine-supplied  fuel 
flowmeters. 

Each  engine  will  be  provided  with  its  own  flowmeter  system  (2 
flowmeters,  piping  and  thermocouple).  This  system  has  been  calibrated 
and  therefore  should  not  be  disassembled  without  the  authorization  of  the 
Working  Group  Chairman.  The  fuel  flow  system  calibration  data  will  be 
provided  by  NASA  LeRC. 

All  engine  inlet  and  internal  aerodynamic  instrumentation  must  be 
inspected  prior  to  and  following  each  phase  of  the  UETP  program.  NASA 
LeRC  has  the  responsibility  of  fabricating  the  referee  instrument 
probes.  NASA  LeRC  will  also  certify  the  probes  for  engine  use,  but 
assumes  no  responsibility  for  their  continued  safe  use  once  shipped  from 
their  facility. 

6.5.3  Instrumentation  Connectors  and  Identification 

The  engines  will  be  delivered  with  most  instrumentation  terminating 
on  "patch-panels"  which  are  attached  to  the  engine  inlet  duct  (Station 
2.0  Instrumentation  Ring),  to  the  engine  Intermediate  case,  and  to  the 
Engine  Tailpipe  Section. 

NASA  will  provide  1/8  inch  Swagelock  fittings  for  pressure  lines  and 
standard  2-pin  quick-disconnect  connector  for  thermocouples.  Conversion 
fittings  to  make  the  transition  between  fractional  and  metric  tubing  do 
exist.  NASA  will  provide  assistance  relative  to  connector  problems  to 
those  facilities  which  anticipate  problems  (upon  request  to  NASA  Workinq 
Group  Representatives).  The  possibility  exists  that  mating  connectors 
can  be  provided  for  pressure  and  temperature  instrumentation.  Mating 
connectors  will  be  provided  for  the  fuel  flowmeter  (AN  fitting)  and  soeed 
sensor  (8NC  connectors) . 
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Ail  instrumentation  connections  and  electrical  connector  interfaces 
will  be  identified  by  name. 

6.5.4  Referee  Instrumentation  Requirements 

The  required  referee  instrumentation  parameters  quantity  and 
measurement  ranges  are  listed  in  Table  I.  Also  noted  in  the  Table  are 
parameters  to  be  measured  in  facility  control  rooms  for  engine  health 
monitoring. 

6.5.5  Dynamic  Pressure  Transducers 

Each  test  participant  must  supply  two  Kulite  Model  STL5-140-5D  or 
equivalent  pressure  transducers  for  their  portion-  of  the  test  program. 
These  transducers  are  to  be  used  at  engine  station  2  (refer  to  Fig.  4  for 
specific  location)  to  monitor  the  turbulence  characteristics  (i.e.  P 
RMS  from  0  to  1000  H2S)  of  the  engine  inlet  airflow.  The  RMS  values 
should  be  included  as  part  of  the  steady-state  data  system. 

6 . 6  SPARE  PARTS 

A  list  of  spare  parts  to  accompany  the  engines  are  presented  in 
Appendix  I.  The  items  listed  as  expendables  in  ApDendix  I  will  be 
shipped- with  the  engine.  The  items  listed  as  major  parts  are  not 
currently  available.  Any  additional  parts  required  will  have  to  be 
requisitioned  through  the  O.S.  Air  Force  Logistics  Command.  On-site 
representation  to  provide  logistic  Support  will  not  be  provided. 

Requests  for  spare  parts  should  be  made  through  the  Working  Group 
Chairman,  Dr.  J.  G.  Mitchell. 


A-24 


7.0  TEST  INSTALLATION  REQUIREMENTS 


7.1  GENERAL 

The  J57-P-19W  engines  will  be  shioped  to  each  test  facility  on 
standard  wheel  dollies.  The  engines  will  be  mounted  on  a  NASA  suoolied 
test  stand  which  in  turn  may  be  mounted  on  each  particioant' s  facility 
thrust  bed  by  facility  personnel.  The  engine  installation  in  the  NASA 
Test  Stand  is  shown  in  Fig.  5. 

7.2  ENGINE  INLET  HARDWARE 

The  engine  inlet  bulletnose  is  an  aircraft  part  and  will  not  be  used 
for  the  OETP.  NASA  LeRC  will  fabricate  an  engine'  bulletnose  from  H.  S. 
Air  Force  drawings  and  modify  the  part  to  aid  in  suooort  of  the  engine 
inlet  instrumentation  probe  array.  A  schematic  of  the  bulletnose  and 
instrumentation  spool  piece  design  is  presented  in  Fig.  6.  NASA  will 
only  fabricate  one  bulletnose,  instrumentation  spool  piece,  and  comolete 
set  of  inlet  temperature  and  pressure  rakes.  NASA  will  provide  some 
spare  probes  for  the  inlet  rakes. 

NRCC  will  install  a  60cm  long  airflow  measuring  section  in  front  of 
the  station  2  spool  piece  that  necessitates  removing  the  NASA  suDDlied 
nose  co'ne  and  replacing  it  with  one  of  their  own  design.  Test  data  will 
be  gathered  with  both  nose  cones  to  quantify  the  effects  of  this  change. 
The  bellmouth  and  airflow  measuring  section  could  be  made  available  to 
other  participants  if  necessary  after  the  NRCC  tests.  NRCC  will, 
however,  quote  the  test  results  based  on  the  NASA  bulletnose 
configuration. 

Each  participant  will  use  a  bellmouth  and  airflow  measuring  section 
of  their  own  design.  The  method  of  attaching  facility  hardware  to  the 
NASA  instrumentation  spool  section  and  the  thrust  unloading  (i.e.,  slip 
seal)  or  thrust  accounting  methods  for  such  hardware  will  be  of  the 
participants'  choosing.  The  bellmouth  and  inlet  ducting  used  bv  NASA  mav 
be  available  for  participant  use,  if  required.  The  NASA  engine  inlet 
hardware  is  shown  in  Fig.  7. 

7.3  TEST  CELL  COOLING  AND  FLOW  GRADIENTS 

The  amount  and  type  (i.e.,  conditioned  or  atmospheric)  of  test  cell 
cooling  air  should  be  monitored.  If  it  is  not  practical  to  measure  the 
mass  flow  rate  of  the  cooling  air,  test  cell  air  velocities  should  be 
estimated  using  pitot-static  pressure  measurements.  In  addition,  wall 
static  pressure  taps  should  be  used  to  identify  test  cell  pressure 
gradients.  A  minimum  of  four  axial  pressure  measurement  stations  are 
required  with  one  of  the  stations  being  in  the  exit  plane  of  the  engine 
nozzle.  At  each  test  cell  wall  measurement  station  a  minimum  of  two 
pressures,  180  degrees  apart,  should  be  installed. 
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7.4  ENGINE  MOUNT  SYSTEM 

The  engine  mount  framework  is  NASA  supplied  and  connects  directly  to 
the  engine  test  stand  shown  schematically  in  Pig.  5.  The  engine  mount 
frame  consists  of  two  overhead  intermediate  case  mounts  and  one  rear 
mounting  framework  which  connects  to  the  engine  turbine  case  at  two 
locations.  The  test  stand,  in  addition  to  supporting  the  enqine, 
includes  instrumentation  patch  panels,  supports  the  NASA  supplied 
water/oil  cooler.  The  fuel  flow  meter  package  will  be  attached  to  the 
engine. 

7.5  ENGINE  INSTALLATION  INTERFACE  DEFINITIONS 

Engine  installation  interfaces  are  defined  as'  follows: 

A.  PSWA  installation  drawinq  225601  should  be  used  as  reference  for 
mounting  and  hookup  of  engines. 

B.  The  engine  should  be  supported  at  the  intermediate  and  the 
turbine  exhaust  case.  Typical  test  mounts  would  be  a  "doq 
house"  stand.  A  stand  of  this  type  will  be  supplied  by 
NASA-Lewis. 

C.  The  following  stand  interfaces  are  required  for  engine  test. 

1.  Fuel  inlet  -  Requires  a  flanged  connector  to  match  fuel 
pump  inlet.  Flange  is  shown  at  4A  of  Sheet  1  of 
installation  drawing.  The  stand  fuel  system  should  be 
capable  of  delivering  uo  to  45,359  kg/hr  (10,000  lb/hr)  of 
Jet-A. 

2.  Ignition  system  -  The  test  facility  must  suDDly  24  volts  DC 
@  7  amps.  Use  a  3106-14S-9S  or  equivalent  connector. 
Ignition  is  on  only  during  start  cycle. 

3.  Oil  system  (Refer  to  Fig.  8) 

a.  The  engine  has  its  own  oil  tank  but  an  external  oil 
cooler  must  be  provided.  A  jumper  tube  between  pads 
"J"  and  "AS"  on  the  inlet  case  front  accessory  drive 
support  will  be  supplied  with  the  engine.  Pads  are 
shown  at  18F  and  19F,  Sheet  1  of  installation 
drawing.  Remove  the  P/N  240060  oil  cooler  to  oil  tank 
inlet  tube.  The  stand  oil  cooler  should  be  plumbed 
between  the  attachment  points  for  this  tube. 

b.  There  is  a  remote  oil  fill  adaoter  available  at  the 
oil  tank.  See  Sheet  1  of  installation  drawing,  "L"  at 
16B. 
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c.  NASA-Lewis  will  provide  a  visual  oil  sight  gage.  It 
can  be  connected  to  the  oil  tank  drain  valve  located 
at  the  le£t  rear  of  oil  tank.  The  drain  valve  handle 
must  be  wired  to  the  open  position. 

d.  Breather  pressurizing  valve  is  located  at  the  front 
too  of  oil  tank.  The  pad  for  connecting  to  stand 
breather  line  is  shown  at  18E,  Sheet  2,  of 
installation  drawing. 

4.  Turbine  exhaust  gas  temperature  connector  (TT5) *  -  There 
are  four  chromel  alumel  probes  mounted  in  the  turbine 
exhaust  case.  Probes  are  normally  connected  by  an 
averaging  harness.  To  read  individual  TT5  temoeratures, 
disconnect  the  averaging  harness  from  the  probes  and  run 
individual  leads  to  a  stand  mounted  switch  box.  The  switch 
box  should  have  TT5  averaging  caoability.  These  engines 
have-  dual  junction  probes,  which  allow  use  of  the  B/M 
averaging  harness  along  with  individual  leads. 

5.  Turbine  exhaust  gas  pressure  (PT5)  -  There  is  one  B/M  PTS 
probe  in  the  turbine  exhaust  case. 

6.  Overboard  drains  -  There  are  three  overboard  drains 
required. 

a)  PSD  valve  plus  burner  -  1.0625-12-3  fitting 

b)  Fuel  pump  and  control  seal  drain  -  .4375  -  20NF-3 
fitting 

c)  Static  oil  drain  -  .500  -  20NF-3  fitting 

7.  PLA  connection  -  May  be  installed  on  the  ena'ne  cross  shaft 
on  either  side  of  engine.  Required  interface  is  shown  on 
sheet  2  of  installation  drawing  at  11D. 

8.  Tachometers  -  The  engine  has  provisions  for  an  NL 
tachometer  on  the  low  rotor  qearbox  and  an  NH  tachometer  on 
the  main  gearbox.  Tachometer  ratios  are  0.717:1  and 
0.433:1,  respectively.  NASA-Lewis  will  provide  the  engine 
tachometers. 


•NOTE:  Engine  Station  designations  in  this  report  conform  to  5AE-755A 

which  are  not  consistent  with  engine  station  designations 
specified  in  the  J57  tech  order  manual. 
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7.6  ENGINE  FUEL  SYSTEM 

The  engines  will  be  supplied  with  a  fuel  system  consisting  of  a  fuel 
pump,  hvdromechanical  fuel  control,  fuel  pressurization  and  dump  valve, 
and  engine  fuel  manifold  and  spray  nozzles.  In  addition,  each  enaine 
will  be  modified  to  include  a  NASA  supplied  fuel  flowmeter  oackaqe 
located  between  the  fuel  control  and  p&D  valve. 

The  engines  will  use  Jet-A  or  Jet-A-1  fuel  and  shall  require  a 
facility  supplied  fuel  delivery  system  to  the  fuel  pump  inlet.  The 
facility  shall  include  in  this  fuel  system  an  emergency  shutoff  valve  and 
a  10-40  micron  filter  upstream  of  the  fuel  pump  inlet. 

Fuel  samples  shall  be  taken  from  near  the  engine  fuel  pump  inlet 
prior  to  each  engine  performance  test  period.  The  fuel  sample  will  be 
analyzed  for  viscosity,  specific  gravity  and  lower  heating  value.  The 
results  of  the  analyses  shall  be  reported  in  the  final  data  packages.  In 
addition,  two  fuel  samples  from  each  facility  will  be  provided  for 
comparative  analysis  by  the  Canadian  Fuel  Laboratories. 

The  following  fuel  properties  will  be  determined:  distillation 
range,  sulphur  content,  net  heat  of  combustion  (by  calculation  and  bomb 
calorimeter),  aromatics  content,  hydrogen  content,  smoke  point, 
naphtha-lene  content,  thermal  stability,  and  specific  gravity.  Engine 
test  agencies  are  to  arrange  shipment  of  two  gallons  (approximately  8-10 
liters)  of  fuel  in  clean,  well-sealed  containers  to: 

Dr  R.  B.  Whyte 

Fuels  and  Lubricants  Laboratory 

National  Research  Council 

Montreal  Road 

Ottawa,  Ontario 

Canada 

KIA  OR6 

Mark  containers:  "Fuel  Samples,  AGARD  Uniform  Engine  Test  Program" 

(For  further  information.  Dr  Whyte  may  be  contacted  by  telephone:  (613) 
993-2415.) 

7.7  POWER  LEVER  SHAFT  SCHEDULE  AND  RIGGING 

The  power  lever  positioning  system  shall  be  facility  supplied  to 
position  the  single  fuel  control  power  lever  shaft  (accessible  from 
either  side  of  engine) .  The  power  lever  has  100  degs  of  rotation  from 
cutoff  to  military  stop.  Pin  holes  are  provided  along  the  shaft  face  for 
position  calibration  at  idle  and  military.  Increasing  power  lever  angle 
is  in  the  counterclockwise  direction  when  viewed  from  the  engine  left 
side.  The  power  lever  angular  position  is  to  be  recorded  using  a 
facility  supplied  potentiometer  mounted  to  the  PLA  shaft. 
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7.8  ELECTRICAL  SYSTEM  REQUIREMENTS 

The  engine  use’s  a  high-energy  capacitor  type  iqnition  system  that 
provides  a  source  of  very  high  energy.  The  ignition  system  consists  of 
two  identical,  independent  units,  one  Cor  each  ignition  plug,  with  a 
common  power  source.  Power  to  the  system  requires  a  7  amp,  24  vdc 
external  source.  (See  T.O.  2J-J57-13  Cor  additional  information.) 

7.9  LUBRICATING  OIL  SYSTEM 

The  engine  lubrication  system  is  of  a  self-contained  high  pressure 
design  (Fig.  8).  It  consists  of  a  pressure  system  which  supplies 
lubrication  to  the  main  engine  bearings  and  to  the  accessory  drives.  Oil 
is  drained  through  a  scavenge  system,  from  the  bearing  compartments  and 
from  the  accessories,  and  is  pumped  through  an  external  mounted  water/oil 
cooler  and  returned  to  the  engine  oil  tank  Cor  storage.  The  engine  main 
oil  tank  which  is  mounted  on  the  front  compressor  rear  case  I3  connected 
to  the  inlet  side  of  the  oil  pressure  pump,  thereby  completing  the  oil 
flow  cycle.  A  breather  system  connecting  the  individual  bearing 
compartments  and  the  oil  tank  with  the  breather  pressurizing  valve 
completes  the  engine  lubricating  system. 

The  lubricating  oil  to  be  used  is  MIL-L-7808.  The  water/oil  cooler 
shall  require  a  facility  water  supply  rate  of  0  to  1,261.8  ml/sec  (20 
apm)  and  a  regulating  valve  to  maintain  oil  temperature  out  of  the  cooler 
at  366.48  +  5.6°K  (200  +  10°F) . 

An  engine  oil  samole  must  be  obtained  immediately  (within  15  minutes) 
following  each  test  period  for  spectrometric  oil  analysis  (SOAP) .  The 
SOAP  limits  for  the  J57-P-19W  are  listed  in  the  engine  operational  limits 
(Appendix  II).  (See  T.O.  2J-J57-13  for  additional  information.) 

7.10  HARDWARE  ITEMS  AVAILABLE  TO  UETP  PARTICIPANTS 

A  preliminary  list  of  hardware  and  instrumentation  to  be  used  for  the 
NASA-LeRC  phase  of  the  UETP  and  to  be  shipped  with  the  engines  is 
presented  below.  Also  included  is  a  list  of  recommended  sDare  oarts, 
only  some  of  which  have  been  received  at  NASA  LeRC.  Such  information  as 
instrument  qualification  procedures,  qualification  data  (if  desired,  must 
be  requested  from  NASA-Lewis) ,  instrument  and  hardware  drawings,  etc. 
will  be  provided  with  the  items  listed,  but  NASA-LeRC  will  not  assume 
responsibility  for  any  hardware  or  instrumentation  once  it  leaves 
NASA-LeRC.  It  is  the  responsibility  of  each  UETP  participant  to  insure 
that  any  hardware  or  instrumentation  used  in  its  enqine  te9t  facility 
meets  the  operational  and  safety  requirements  for  that  facility. 

Preliminarily,  the  instrumentation  and  hardware  available,  are  as 
follows: 

1.  Items  6,  9  and  20  shown  in  Fig.  9. 
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2.  Instrumentation  shown  in  Fig.  4.  Instrumentation-facility 
interface  will  be  through  bulkheads  located  at  the  enaine  inlet, 
compressor  exit  and  tailpipe-nozzle  assembly  using  1/8  inch 
Swagelock  fittings  for  pressure  lines  and  Marlin,  Type  K, 
connectors  (i.e.,  standard  2-oin  guick-disconnect  connectors) 
for  thermocouples.  Only  chromel-alumel  thermocouples  will  be 
used. 

3.  Two  fuel  flow  meters  per  engine  with  appropriate  instrumentation 
for  temperature  and  accompanying  tubing  and  AN  fittings. 

4.  One  oil  cooler  and  accompanying  tubing  and  AN  fittings. 

5.  Accelerometer  mounting  pads  located  on  the  inlet  case,  diffuser 
case,  turbine  exhaust  case  and  accessory  drive  case  plus  two 
mounting  pads  located  inside  the  center  body  spool  piece  to 
monitor  the  vibrations  transmitted  from  the  center  body  nose 
cone  (Item  9,  Fig.  9)  to  the  engine. 

6.  Tachometer  -  generators  to  measure  the  low  rotor  and  high  rotor 
speeds  along  with  BNC  connectors. 

7.  Mating  electrical  connector  for  the  ignition  system. 

8.  One  mating  spline  for  the  PLA  shaft. 

9.  No  pressure  transducers  or  accelerometers  will  be  shipped  with 
the  engine. 

10.  An  air  starter  will  be  provided  with  each  engine.  The  starter 
should  not  be  removed  from  the  engine  for  testing  in  altitude 
facilities. 
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7.11  AVAILABLE  DRAWINGS  FOR  UETP 

The  following  drawings  are  available  from  NASA  LeRC. 

DESCRIPTION  DRAWING  NO. 


Fixed  Duct 
Split  Duct 

Outer  Body  Spool  Piece 
Center  Body  Nose  Cone 
Nose  Cone  Adapter 
Center  Body  Spool  Piece 
Engine  Nozzle  Support 
Engine  Stand 
Wide  Flange  Beam 
8  x  8  x  31  lb/ft  x  12  ft  long 
J57  Nozzle  (Calibration) 

JS7  Reference  Nozzle 
Seal  Duct 

Mount-Front  Engine 
(i.e..  Dog  House  Engine  Support) 

PWA  Engine  Installation 

PWA  Lifting  Sling,  Part  #PWA  XD515745 

NASA  Installation  Assembly 


CF  505693, 
CF  505694, 
CF  505695, 
CF  505695, 
CF  505695, 
CF  505695, 
CF  505696, 
CF  505696, 
No  Drawing 

CF  505709 
CF  505710 
CF  505694, 
CF  505713, 

PWA  225601 
No  Drawing 
CR  505712 


Item  1 
Item  2 
Sht.  1 
Sht.  2 
Sht.  2 
Sht.  1 
Item  4 
Items  1-2 


Items  3-4 
Shts.  1-2 

Shts.  1-4 
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8 . 0  TEST  PROCEDURES 


8.1  OPERATING  PROCEDURES 

8.1.1  Engine 

Engine  procedures  required  for  all  test  facilities  are: 

a.  Engine  starting  and  shutdown. 

b.  Enqlne  and  fuel  control  system  functional  check. 

c.  Engine  depreser vation  and  fuel/oil  leak  check. 

d.  Engine  performance  testing. 

Specifics  for  these  procedures  are  provided  in  Appendix  III*.  The 
engines  will  be  operated  within  the  limits  in  Technical  Order  2J-J57-13. 
Engine  operational  limits  are  listed  in  Appendix  IV*. 

8.1.2  Trim 

The  engines  will  be  retrimmed  at  NASA  with  Jet  A  fuel  to 
approximately  those  values  obtained  by  the  USAP  when  it  trimmed  the 
engines  using  JP4  fuel.  The  engine  trim  should  be  checked  for  each 
engine  at  the  military  power  setting  (PLA  »  90°).  The  mechanical 
speeds  at  military  conditions  for  each  test  condition  are  contained  in 
Table  II.  If  the' measured  mechanical  speed  deviates  more  than  50  rom 
from  these  values,  the  Working  Group  Chairman  should  be  notified. 

Note  that  engine  trim  checks  and  trim  adjustments  should  not  be 
required  for  the  conduct  of  the  AGARD  UETP.  The  engines  were  trimmed 
prior  to  the  initiation  of  the  UETP  by  NASA.  In  the  event  that  the 
desired  engine  power  settings  cannot  be  obtained  (due  to  engine  "trim 
slip"  or  "engine  deterioration"),  the  chairman  of  Working  Group  15  should 
be  contacted  for  direction  and  or  authorization  of  any  corrective  engine 
maintenance  action. 

8.2  PRETEST  CHECKS 
8.2.1  Ignition  Check 

The  functioning  of  the  ignition  system  shall  be  checked  prior  to 
windmilling  the  engine  and  with  both  rotors  at  rest.  Audible  sparking 
shall  be  confirmed  prior  to  continuing  the  program. 


♦Procedures  and  operational  limits  provided  in  Appendices  III  and  IV  are 
for  informational  purposes  only,  the  official  procedures  and  limits  are 
those  specified  by  Technical  Order  2J-J57-13. 
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8.2.2  Fuel  System  Leak  Check 

With  facility  fuel  supply  connected  to  engine  and  pressurized  from 
2C6.84  (30)  to  344.74  kPa  (50  psia) ,  the  engine  shall  be  closely  examined 
for  fuel  leaks.  All  leaks  shall  be  repaired  prior  to  continuing  the 
program. 

8.2.3  Windmilling  Check 

The  engine  shall  be  windmilled  to  an  NH  1500  rpm  or  via  the  air 
starter  to  NH  2500  rpm  (max.  one  minute)  prior  to  each  test  period  to 
check  vibration  levels,  rotor  soeed  indications,  and  oil  system  priming. 
The  engine  and  lubricating  system  plumbing  shall  be  examined  for  oil 
leaks.  All  leaks  shall  be  repaired  prior  to  continuing  the  program. 

8.2.4  Engine  Oil  Servicing 

The  prerun  check  list  shall  include  a  check  of  the  oil  slqht  gage  (if 
available),  or  tank  dip  stick  before  each  engine  run. 

8.2.5  Engine  Insoection 

The  engine  inlet  area  shall  be  visually  inspected  for  foreiqn  object 
damage,*  foreign  objects  in  the  engine  inlet  area,  oil  leaks,  and  inlet 
duct  instrumentation  condition.  The  exhaust  area  shall  be  checked  for 
.damage  or  oil  leaks. 

8.3  Engine  Posttest  Inspection 

The  engine  inlet  area  shall  be  visually  inspected  for  foreiqn  object 
damage,  oil  leakage  and  freedom  of  rotation.  The  inlet  shall  be 
inspected  for  signs  of  tip  rub,  blade  cracking,  etc.  The  exhaust  area 
shall  be  inspected  visually  for  signs  of  damage  or  oil  leakage. 

8.4  TEST  CONDITIONS 

The  UETP  has  two  sets  of  test  conditions;  one  aoplicable  to  altitude 
test  facilities  and  one  to  sea-level  test  facilities. 

At  each  test  facility,  dew  point  or  specific  humidity  should  be 
recorded  for  every  data  point.  Due  to  possibilities  of  condensation 
affecting  Tt2,  running  should  not  be  attempted  at  high  levels  of  relative 
humidity  at  the  engine  inlet. 

8.4.1  Altitude  Testing 

Conditioned  air  will  be  supplied  to  the  engine  inlet  at  the  total 
pressure  and  temperature  corresponding  to  the  desired  test  conditions. 
Engine  inlet  total  pressure  will  be  defined  as  the  numerical  averaqe  of 
the  20  total  pressure  probe  measurements  at  Station  2.0.  Station  2.0 
boundary  layer  rakes  will  not  be  used  in  the  determination  of  P2.  Engine 
inlet  total  temperature  will  be  defined  as  the  numerical  average  of  the 


10  total  temperature  probe  measurements  at  Station  2.0.  A  recovery 
factor  of  1.0  is  to  be  used  for  all  Station  2.0  temperature  probes.  The 
test  conditions  for  the  altitude  test  facilities  are  presented  in  Table 
III.  For  each  test  condition,  data  scans  will  be  taken  at  nine  engine 
power  settings  approximately  equally  spaced  between  mil  power  and  the 
speed  at  which  the  bleed  valves  start  to  open  (the  specific  NH  speed 
power  settings  are  defined  in  Table  III).  The  test  sequence  for  the  nine  * 
NH  speed  settings  ares 

1.  Mil  power 

2.  Target  value 

3.  Bleed  valve  opening  limit 

4.  Between  3  and  2 

5.  Between  2  and  1 

6.  Between  2  and  4 

7.  Between  4  and  3 

8.  Between  2  and  5 

9.  Between  5  and  1 

Graphically,  the  test  sequence  appears  as  follows: 


NH(rpm) 
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When  approaching  each  settinq,  the  throttle  lever  will  be  moved  slowly 
towards  the  throttle  position  where  the  required  speed  is  expected  to  be 
achieved  and  the  engine  allowed  to  stabilize.  The  set  speed  should  be 
within  +  25  rpm  oE  the  desired.  In  going  between  two  set  soeeds,  the 
throttle  direction  must  not  change.  In  the  event  of  a  speed  overshoot 
outside  of  the  tolerance  band,  the  throttle  setting  should  be  backed  up 
approximately  100  rpm  and  the  speed  reset. 

At  each  power  setting  two  data  scans  will  be  obtained.  The  intent  is 
to  obtain  stabilized  engine  aerodynamic  performance  (i.e.  stabilized  gas 
path).  It  is  estimated  that  stabilized  performance  can  be  assessed 
within  five  minutes  at  set  conditions  for  the  initial  data  scan?  and 
within  two  minutes  for  the  repeat  data  scan. 

8.4.2  Sea-Level  Testing 

For  sea-level  testing,  the  engine  inlet  total  pressure  and 
temperature  will  be  defined  as  specified  for  altitude  testing  (Section 
8.4.1).  The  proposed  test  conditions  for  the  sea-level  tests  are  ambient 
conditions  with  a  RAM  ratio  of  1.0.  Two  regions  of  engine  operation  are 
specified: 

1.  From  engine  power  settings  from  bleeds  just  close  speed  to  mil 
*  power  (i.e.  same  as  the  altitude  facilities) ,  and 

2.  From  engine  power  settings  from  bleeds  just  open  speed  to  idle 
power . 

As  most  sea-level  test  beds  do  not  have  environmental  control,  the 
engine  power  settings  will  have  to  be  established  at  each  test 
temperature.  For  the  high  power  region,  values  of  NH  have  to  be 
established  for  bleed  valve  closed  (BVC)  and  MIL  power.  By  dividing  up 
the  test  range  into  8  equal  increments,  9  values  of  NH  are  obtained.  The 
sequence  of  power  settings  is  the  same  as  in  Sec.  8.4.1.  and  detailed  in 
Table  III.  Two  data  scans  after  engine  stabilization  will  be  taken  at 
each  test  condition.  For  the  low  power  region,  the  speed  range  between 
idle  and  bleed  valve  closure  will  also  be  divided  up  into  9  equally 
spaced  values  of  NH  and  power  settings  sequenced  in  the  same  manner  as 
per  the  high  speed  range.  Table  HI  outlines  the  test  points  and 
sequence. 

8.5  LOG  REQUIREMENTS 

The  AGARD  logging  requirements  for  each  J57  engine  are  as  follows: 

1.  Windmill  time. 

2.  Engine  hot  time. 

3.  Military  (i.e.  PLA  ■  90°)  and  max  EGT  (i.e.  T5  »  1130°F) 
time. 


4.  Maintenance  and  repair  records. 

5.  Spectroraetr ic  oil  analysis  results. 

6.  Test  summary  sheets. 

These  logs  are  to  be  shipped  with  each  engine. 
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9.0  TEST  DATA  REQUIREMENTS 


9.1  ACQUISITION 

Each  partlcpant's  test  report  should  include  a  flow  diagram  of  the 
data  acquisition  system  used  to  record  and  process  outputs  from 
steady-state,  transient  and  high-resoonse  transducers.  The  type  hardware 
and  software  used  for  data  acquisition  and  data  sampling  rates  oer  second 
per  channel  should  be  identified. 

9.2  EDITING  AND  VALIDATION 

The  test  participant  procedures  for  editinq  data  should  be  identified 
in  the  test  report.  Redundant  data  and  data  rejection  processes  should 
be  described.  Procedures  for  handling  missing  data  such  as  the  loss  of  a 
sample  and  outliers  should  also  be  presented. 

9.3  STANDARD  EQUATIONS  FOR  DETP 

The  following  calculations  will  be  made  by  each  test  participant. 

NASA  LeRc  will  provide  a  sample  set  of  inputs  and  outputs  for  the  purpose 
of  checking  the  equations. 
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SUBJECT:  Clarification  of  Shorthand  Notation  Used  to  Describe  the  Uniform 
Engine  Testing  Program  (UETP)  Standard  Equations. 

The  following  example  is  presented  to  assist  those  unfamiliar  with  the 
shorthand  notation  used  to  describe  the  equations  in  the  reference 
document.  The  example  chosen  refers  to  the  calculation  of  average 
temperature  at  the  engine  inlet,  station  2  (see  AVERAGES,  Station  2, 

T2AV)  .  - - L 

SHORTHAND  NOTATION 

T2AV  =  Avq  (T2AV0A,  T2AV0B,  T2AV0C,  T2AV0D ,  T2AV0E) 

where:  T2AV0$  =  Avg  (T2S14,  T2$32) 

where:  $  »  A,  B,  C,  D,  E 

NOTE:  The  symbol  "S"  is  used  to  describe  a  sequence  of  measurements 

made  at  the  location  denoted  by  A,  B,  C,  etc.  "A"  indicates 
measurements  in  ring  A;  B  in  ring  B,  etc.  This  can  further  be 
seen  by  comparison  with  the  algebraic  equation. 

ALGEBRAIC  EQUIVALENT 

T2AV  «  T2AV0A  4-  T2AV0B  +  T2AV0C  +  T2AV0D  +  T2AV0E 

.  -  -  - 

where:  T2AV0A  »  T2A14  +  T2A32 

2 

where:  T2AV08  »  T2BI4  4-  T2B32 

2 

T 2AV0E  <*  T2E14  +  T2E32 
2 

where:  T2A14,  T2A32,  T2B14,  ...,  T2E32  represent  instrumentation 

as  shown  in  figure  4A  of  the  GTP 

NASA  would  be  pleased  to  explain  the  equations  further  for  those  UETP 
participants  who  may  still  have  questions.  However,  it  is  requested  that 
these  questions  be  addressed  to  specific  areas  of  concern. 

STANDARD  EQUATIONS  FOR  UETP 

AGARD-UETP  test  participants  may  use  facility-developed  standard  * 

procedures  for  the  determination  of  gas  properties,  such  as  the  soeclfic 
heat  ratio  ( Y  ).  The  following  relationship  for  the  soecific  heat  ratio 
(Y  )  in  the  Standard  Equations  has  been  provided  by  NASA  for  use,  as 
desired,  by  test  participants  who  do  not  desire  to  use  their 
facility-developed  standard  procedures: 
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The  relationship  used  for  the  specific  heat  ratio  ( r )  in  the 
Standard  Equations  is  as  follows: 

Equation  For  Y  -  No  Dissociation 


Where:  f  »  FAR  «  Fuel  Air  Ratio 

i  *  Summation  index,  0,  1,  2 
m  -  H/C  «  Hydrogen  Carbon  Ratio  of  fuel 
T  »  Gas  Temperature,  K 


Constants  (Joule/ (gr-KJ) 


i 

ai 

bi 

cl 

0 

8.983 

761 

b 

899-00 

(-) 1.127 

218 

529-01 

9.497 

901 

*02-01 

1 

5.006 

943 

032-04 

3.018 

887 

416-03 

1.607 

549 

922-04 

2 

2.260 

316 

157-06 

(-) 1.258 

866 

682-06 

2.616 

006 

174-08 

a  Rqaa  -  Rair  +  (8.314/2MH2)  (m/m+1)  f,  Joules/gr  -  K) 

»  0.28705  +  2.0620  (m/m+1)  f 

b  Exponent  of  10,  e.g.,  ai  -  5.006  943  032  x  10"4 
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The  "avgC  )"  function  indicates  that  the  arithmetic  average  of  the 
parameters  is  to  be  calculated,  for  example: 

avg(X.Y.Z)  *>  (X+Y+Z5/J 

The  "ttavgC  )"  function  indicates  that  an  area  ueighted  average  is  to  be 
taken.  The  parameters  are  given  in  pairs;  the  first  value  is  a 
parameter  to  be  averaged  and  the  second  value  is  its  associated 
■weighting  factor,  for  example: 

ttavgCX. A1 » Y. A2.Z. AS)  *>  [  <X*A1)*<  Y*'A2)  +  CZ»AS)  J/(A1*A2*AJ) 

The  averages  to  be  calculated  are  as  follous: 


Smisn  2 

T2AV  «  avgt T2AVB A. T2AV0B , T2AV0C, T2AV0D, T2AVDE) 
there:  T2AV0S  *  avg(T2Sl«.T2SJ2) 
there:  S  *  A.B.C.D.E, 

PZAV  »  avgCPZAVOA.P2AVOB,P2AVOC,P2AVOD,P2AVOE> 

there:  PZAVOS  *  avg(P2SCI0,P2*09,P2SlS,P2S27) 
there:  S  *  A.B.C.D.E 


PBI2AV0S  «  avgCPBL2*07 , PBL2S25 ) 
there:  *  *  A.B.C.D.E 


P802AVOS  ■  avg(PBL2S03.PBL2*23) 
uhere:  S  ■  A.B.C.D.E.F.G.H 


PS2AV  ■  utavg(PS2AV0A,B2A,PS2AV03,S2B) 

uhere:  PS2AV0S  ■  avg(PS2SOl.PS2*10.PS2*l»»PS2S28> 
there:  *  ■  A»B 

R2A  ■  .24384 
R2B  ■  .48884 


StaUsn-3 

T3AV  *  avg(T3AV0A.T3AV8B.T3AV8C) 

uhere:  T3AV8*  «  avg(TJSll.TS*25> 
uhere:  t  ■  A.B.C 

P3AV  «  avgCPJAVDA . P3AV0B.P3AV0C) 

uhere:  P3AV8S  »  avg<P3S08,P3*28) 
uhere:  S  *  A.B.C 


SSatAgrOJl 

PS31AV  ■  avg(PS31A03>PS31A33) 

a.tatlsn-3 


T5AV 


avg CT5A02 , T5A11 , T5A20 ,T5A29 ) 


P5AV  «  P5AV30 


Staiifla.7 


T7AV  =  wtavg(T7AVOA,A7A,T7AVOB,A73,T7AVOC,A7C,T7AVOD,A7D, 
T7AV02,A7E,T7AV0F,A7FiT7AVCG,A7G»T7AV0H»A7H» 
T7AV0I,A7E.T7AVCJ,R7J,T7AV0K,A7K,T7AV0I..A7I„ 
T7AVOf1,A7ri.T7AVON,A7N,r7AVOO,A70,T7AVOP.A7P, 
T7AV09, A7q,77AV0R,A7R) 

uhcre:  T7AV0*  «  avgCT7*01,T7*19) 

where:  *  *  B.D. r.H, J,L,H,P,R 

T7AV0S  «  avg(T7 *10 ,17*28) 

where:  *  «  A.C.E.G.X,K.tl,O.Q 


A7A 

• 

3 ■ 5383 

A7G 

* 

29.3211 

A7n 

» 

95.7303 

A7B 

* 

6.9802 

A7H 

m 

27.8893 

A7N 

* 

99.2985 

A7C 

* 

10.0989 

A7I 

* 

31.9575 

A70 

S 

52.8666 

A7D 

* 

13.6166 

A7J 

• 

35.0257 

A7P 

m 

56.9398 

A7E 

s 

17.1897 

A7K 

m 

38.5939 

A7Q 

a 

60.0031 

A7F 

* 

20 .7529 

A7L 

• 

92.1621 

A7R 

m 

107.1122 

P7AV  «  wtavg{F7AV0A.A7A,P7AV0B.A7B,P7AV0C.A7C,P7AV0D,A7D, 
F7AVOE,A7E,P7AV0r,A7F,P7AVCG,A7G,F7AVOH,A7H, 
?7AVOI,A7I,F7AVOJ,A7J,F7AVO>:,A7K,?7AVOL.A7L, 
P7 AVCn,  A7r..P7 AVON,  A7N , P7AVC0 , A70, P7 AVOP, A7P, 
P?AV0Q,A7Q,P7AV0R,A7R) 


where:  P7AV0S  * 
where:  *  ■ 
P7AV0*  ■ 
where:  *  « 


avg(P7*01iP7*19) 


A, C,E,G,I,K.M,0,G 
avg(P7*10,P7*28) 

B, D,r,H,J,L,M,P,l 


PS7AV 


«  avg(PS7AOO.FS7A07, PS7AI8 .PS7A27 ) 

TH7AV  *  avg(7n7A02.Ttl7AU «TM7A20»tI17A2>) 

Siasiaa  JLA 

P04AV  ■  avgCP04A08 .PC4A17 . P04A26 .P04AJ5) 

Station  0.5 

PAMB  ■  P05AV  *  avg(P05A08  >P05A17 .P05A2& .P05A35) 

Station  8.8 

P02AV  «  avg(P08A0 J,P08AX2»P08A21»P08A50) 

ruri-Tlffl 

WTE  •  avg(Um.UrE2J 


EiSUffi  ms  CALCULATIOH 

UPS*  »  HTTf V* 0 . f $902,S540t 1+CEX(288 . 7“TWF) ) 
uhara:  *  *  1 >2 

SG60  ■  from  fuel  aaapla 
CSX  »  ♦.12i»l#-* 
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UFEJV  ■  (UFESAC/KB) 

where:  KS  «  f (UFESAC/v) 

where:  o  ■  Z-expl-0.7487-(3.293«Z) 

«C0.6119‘Zf2)-(0.3193*ZtS>  J 

where:  Z  *  Z'*0.7 

where:  loglOCloglOCZ-* ) )  ■  A-B*loglO ( 1 .8 «TUF) 
where:  A  «  1 0. 9047* 

1  *  A .1325* 


Functions  for  KS:  let  X  *  ln(UF£SAC/v) 

Engine  1 

K1  «  (0.0006034297*XtS)-(0.017081179*Xt4>eC0.1919536»Xt3> 
-C1.070272»Xt2)+<2.95902»X)-2.69471 

K2  ■  (0.001614871«X455"“t0.0471595#Xt4)  +  (0.548617*Xt3) 
-(J.17926*Xt2)+(9.18249-X)-10.0455l 


Engine  2 

K1  «  ( 8. 0 01 164908 *Xf 5) *C 0.0 337844 35*Xf4)+iO. 388981646 *Xf3) 
~(2. 2213515*Xt2)4( 6 . 288 9063* X) *6.51157 6 9 

K2  ■  ( 0.00 07 978 02*Xf5)*( 0.0234 76 177*Xt4)+(0.27411549*Xf3) 
-<1.5865434*Xt2)+(4.5458990«X)-4. 62021 07 


AIR  now 


Stetlon  2  -  Ideal 

UAX2  •  1000»P2AV»HX2*A21  (T/RK 1/T2AV1  (PSZAV^PZAV) f  <  (T+ll/T)  H<l/2i 


•  Constants  A  and  B  are  to  be  evaluated  for  each  fuel  batch. 
See  Appendix  V  for  calculation  procedure  as  per  ASTM  D341 
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CD  2 

Suasion. 

WR2 

K2AV 


where:  HI2 
8  * 
r  « 
82  * 
where.: 


*  U2/CY-1)  HCP2AV/PS2AV)t<Cr-l)/Y)-llMCl/2> 
2*7.05 
f (T2AV) 

A2St  1MCTM1AV-294)  If* 

A  •  16.2*10** 

82S  -  0.53002 


UA1/U8Z2 


-  Integrated 


18 

Cl/21  £uA20A„  CAPS, 
n*2 


■AP2k) 


IS 

( 1/2  m/C  AP2 ,  -APS , ,  )1  £  H2„  C  APS ,  -AP2„  ) 
n*2- 


where:  j  »  n-l 
k  «  n+1 

UA2QAn  *  1000*?2R*r.2nl<r/R)(l/T2n)CPS2B/P2nHCC>*l)/r)  JfCl/2) 

fi2„  ■  {t2/Cr-l)HCP2«/PS2B)tC(r-l)/r)-imcl/2) 

FS2n  ■  C„*PS2AV0A4(l-CnlPS2AV08 
8  «  2*7.05 
T  ■  f (T2AV) 
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AP2n  »  AP2Snt  l+ACTTUAV-294)  If 2 
where;  A  ■  16.2»18** 


Table  Of  Pressure  And  Temperature  delations  And  Areas 


n 

PZ 

C 

TZ 

APZS 

i 

- 

• 

- 

0  .72712 

z 

PBO2AV0H 

0.0134 

T2AV0D  . 

0.7175$ 

3 

F302AVOG 

0.0334 

T2AV0D 

0.7033$ 

4 

PB02AVQF 

0.053$ 

TZAVOD 

0.8892$ 

s 

P2O2AV0S 

0.073$ 

TZAV0D 

0.87533 

6 

P302AVOD 

0.0937 

T2AV0D 

0 .  $$149 

7 

FBC2AV0C 

0.1137 

TZAVOD 

0.84787 

F302AVOB 

0.1473 

T2AV0D 

0 .8  2538 

5 

P3O2AV0A 

0.1874 

TZAVOD 

0.59897 

u 

P2AV0D 

0.2403 

TZAVOD 

0.58310 

n 

P2AV0C 

0.4203 

TZAVOC 

0.45705 

12 

PZAVOB 

0 .6232 

T2AV0B 

0.34903 

13 

P2AV0A 

0 . 8$08 

TZAV0A 

0 . 24097 

14 

F3I2AV0E 

0.8829 

T2AV0A 

0.2110Z 

15 

PSI2AV0D 

0.9097 

TZAV0A 

0.20588 

IS 

F3I2AV0C 

0.9385 

T2AV0A 

0.20080 

1? 

F3IZAV03 

0 . 9772 

T2AV0A 

0.19579 

U 

P3I2AV0A 

0.9900 

TZAV0A 

0.1908$ 

19 

* 

*“ 

0.18720 

Station  a  -  Ideal 


Calculate:  MI  » 
uhere:  t  « 
where: 


tiz/tr-l) ]( (P7AV/PAHB) f ( (T-l l/Yl'l 1} f (1/Z) 
f(PS.TS.rAB) 

Tor  PAMB  >  0 . 33S85*P7AV 
PS  ■  PARS 

TS  ■  T7AV(?AnB/P7AV)te.Z3m 


For  PAttB  £  C.5S485*P7AV 
PS  ■  0.5J4S3*P7AV 
TS  *  0.8510&*T7AV 


For  n«  2  1 

UI8  »  1000»P7AV*ASt<T/S,)Cl/T7AV>C2/(Y*l>HCCy+l)/CT-nniCl/'2> 

For  ns  <  l 

UIS  *  1000*P7AV*H8*ASI  (TVS'  )a/T7AV)(PAn3/P7AV)|((r*l)/y)  lt(l/2) 
uhere:  AS  *  ASSt 1+ACTH7AV-294) ItZ 
uhere:  A  *  11.52*10** 

ASS  ■  0.2174 
R'  «  SSlA-SR/nW 

uhere:  nil  *  f(PS7AV,TS7,rAR)  or  as  specified  by  each  facility 

UAIS  «  UI8-CUF/1000) 

COS  ■  UA1/UAXS 


IDEAL  HOULE  GROSS  THRUST 


p,n<rH~r  &c^ 


/  / 

a>-i)PAn8*A8  r 

*  T*PAn3*n8t2*A8  ~rv'*  «>■*/*  ■-*  Ait-.,-  fke.  ,.•/*<" 


For  KS  >  1 

FGI8  «  U2C2/<Y+l»tU/<T-l))  KP7AV/PA1 
For  ns  £ 

FGI8 


» I -  t« 
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uhere:  AS  is  defined  in  Station  8  airflou  calculation 

T  *  ftPS.TS.FAR)  or  as  specified  by  each  facility 
uhere:  For  PAMB  >  8.536SS*P7AV 
PS  «  PAHS 

IS  *  T7AVtPAnB/P7AV)| 0.25928 
For  PAHS  £  0.53885*P7AV 
PS  *  0 . 53885*P7AV 
IS  •  0.85i08»T7AV 


* 


/-CG8  «  rC/FGIS 
CVS  «  CGS/CDS 


HET  THRUST 

FH  «  FG-rRAM 
uhere: 

rsAti  »  {UAi/ioooH2«R«T2AvtTm-imi-iPAn3.'p2AV)tt(Y-n/7')]M<i/2> 
uhere:  T  »  f(KAV) 

8  «  287. #5 


cmctmiichs  wine  ran  non 


src  ■  UF/FH 

FUR  ■  (ur/1000 J/WAl 

CALCULATIONS  USING  ROTOR  SPEEDS 

NLPER  «  NL/5S.58 
NHPER  «  NH/97.0 
NLQHH  «  HL/HH 

PRESSURE  AND  TEMPERATURE  PATIOS  AND  ETTTCTENCTSS 
Ermine  Pressure  And  Te^rerature  Ratios 
P5Q2  «  P5AV/P2AV 
P7Q2  «  P7AV/P2AV 
TSQ2  ■  T3AV/T2AV 
T7Q2  ■  T7AV/T2AV 

BAH-2I.UO 


P2QAT1B  ■  P2AV/PAMB 


Congress or  Performance 


P5Q2  «  P5AV/P2AV 
T5Q2  »  T5AV/T2AV 

EC  *  IPS02t((rij-l))/rlJ)-l J/(TSQ2-1) 
uhere:  r* 3  ■  tB/SlYi^d/SlYa* 
uhara:  y2  *  f(T2AV> 

Yj’  ■  fIT2AV»PS02.t(Cr*-i>/r*)| 


Ko=le  Pressure  Patio 
P7QAHB  ■  P7AV/PAHB 


ALTITUDE  ,  HASH  NO.  AND  REYNOLDS  HUMES  INDEX 


Altitude 

Tor  PAM  >  22 . 63273 

ALT  ■  152.11 1-CPAHB/l 01 . 525)f0. 19025431/0. 00 552212 
For  5.47425  S  PAHB  S  22.25275 

ALT  ■  11040-12541. 545»ln<PAnB/22. 25275) 1 
for  PAHB  <  5.474(5 
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ALT  •  20000  +  {216650  £ {5. 47485/PAMBi +0.029271-1}  } 

rtlOHT  MACH  NUHBCT 

n  ■  {i2/<T-niuP2Av/Fsn3wer-i>'Y>-i)Hti''2> 

uhere:  T  ■  *CT2AV) 

Reynolds  Hunber  Index 

RNI  «  {(F2AV/101 . 32S) t (T2AV/28B.1S)*II  .S8S11 I) 

/II. 28311 (T2AV/288 . 15 > f  2  I 

C0RP.ECT10VS  TO  SIA  LIVtL.  SPrCirrED  RAH  AMP  LHV 

Correction  Parnreters 
S  «  F2AV/101 . 325 
*  *  T2AV/2S8 . 15 
#•  *  »ttl/2) 

liiilaa 

UAlJt  ■  HA1  •#'/’» 


I 

1 


ZMBUlflH 


UF R  ■  tUF/CS*»')  KLHV/42960) 


Thrust 


res  «  (FG/$)*(A8/S)I PAttB-(P2AV/8AHSPCJ  t 


where: 


RAHSPC  ■  1.0 
1.06 


l.S 


1.7 


for  P2QAMB  S  1.03 

for  1.03  <  P20AHB  S  1.15 

for  1.15  <  P2CAM3  &  1.3 

for  1.5  <  PZQAflB 


1.0  for  Sea  level  and  Out  Door  Stands 

AS  is  defined  in  Station  8  airflow  calculation 


FNR  =  FGA-FHAfiSP 


where:  FRAHSP  *  0.0 

for 

P2QAHB 

S 

1.03 

0.09777*UA18 

for 

1.03 

< 

P2CAM3 

i 

1.15 

o.:o449*u:.;:s 

for 

1.15 

< 

P2QAM3 

i 

l.S 

0.2853 9 *WA1R 

for 

1.5 

< 

P28AHB 

FSLS  ■  ( TG/T  )  * ( A8/S ) CPAKB-P2AV) 


Specific  Tuel  Consumption 
SrCR  *  UFR/FKR 


sresis  ■  UFR/FSIS 


EiieliAir-Battg 
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r ARR  ■  (FAR/? 1 (LHV/42960 ) 

mag-5Etfida 

KLR  «  HUt  • 

HLPERB  *  NEPER/?' 

HHR  ■  NH/?' 

NHPERR  «  NHPER/? ' 


CQBRECTICNS  TO  SPECTTItS  CONDITIONS 


Correction  Parameters 


SO  »  P2AV/P2SPEC 

uhere:  P2SPEC  *  20.684  for 

34.474  for 
51.711  for 
82.737  for 
101.325  for 

'V.ift  for  ' .  C  .■’1  A  • 

?D  «  T2AV/T2SPEC 


uhere: 

T2SPEC  »  253 

for 

T2AV 

S 

261  - — 

WJ-*  r  >r 

-t  A  V  «  W13 

268 

for 

261 

< 

T2AV 

i 

278  -  — 

«/3l  ^>r 

-*7a.  f  i  7x  A\/  C  X3  ' 

288 

for 

278 

< 

T2AV 

S 

297  • 

308 

for 

297 

< 

T2AV 

r/1  W 

jT»*  ir-vAi/t;,*;  ? 

jY/-  hr  j'lti*  Tx a  r 


28 

41 

69 

90 


P2AV  S 

<  P2AV  S 

<  P2AV  S 

<  P2AV  S 

<  P2AV 


28 

41 

69 

90 


J-M1 


*»r 


I  *1  8 

n.Ml  *;r 


PtA*  c 

W.i4  *  P*/w  *  r.  < 

t  ,  .*«*>' 

-•  a/  v  or 


«•  -  #01(1/2) 


A 
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Airflow 


KA1RD  »  UAWD'/SD 


fuel  Flow 


WEED  »  [U F/<SD*#D’)  KLHV/<2960) 


Thrust 


FGP.D  *  CFG/SD)+CAa/SD)[PAM3-CP2AV/RAMSPC) 1 


where:  RAF.SPC  *  1.0 
1.06 
1.1 
1.7 


for  P2QAHB  5  1.03 

far  1.01  <  P2CAMB  <1.15 

for  1.15  <  P25AMS  S  1.5 

for  1.5  <  P2QAM3 


AS  is  defined  in  Station  i  airflow  calculation 

FKP.D  *  FGRD-FRfSSPD 

where: 

FRMSPD 


■ 

0.0 

for 

P2CAT13 

0.0057598 

•UAlR3'T2S?ECj 

‘Cl/2) 

for 

1.01 

< 

P20Ar,B 

0,0120451 

•WA1?.D«T2SP:C 

1 C 1/2 ) 

for 

1.15 

< 

P2QAM3 

0. 016P108 

•KAl?.D*T2SFECi 

Cl/2) 

for 

1.5 

< 

P2QAna 

Specific  Fuel  Consumption 


SFCP.D  «  UFRD/FHRD 


VI VI VI 


FARRD  *  CFAR/«DJCLHV/42»60) 


Rotor  Speeds 

NLRD  «  NL/tfD* 

NLPRRD  *  NLPER/9D' 

HHRD  *  NH/SO* 

NHPRRD  *  NHPER/^D* 
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9.4  NOMENCLATURE 


The  nomenclature  to  be  used  for  the  UETP  is  presented  in  the 
following  table. 


Parameter 

ALT 

A2 

A2S 

A7A  -  A7R 

A8 

A8S 

CD  2 

CD  8 

CEX 

CG8 

CV8 

EC 

PAR 

PG 

FGI8 

FN 

PRAM 
Kl,  K2 


TABLE  OF  SYMBOLS 
Parameter  Identification 
Altitude 

Plow  area  at  Station  2 

Station  2  flow  area  measurement 
at  294  K 

Station  7  area  weights 

Flow  area  at  Station  8 

Station  8  flow  area  measurement 
at  294  K 

Station  2  flow  coefficient  based 
on  Station  1  (Facility)  airflow 
measurement 

Station  8  flow  coefficient  based 
on  Station  1  (Facility)  airflow 
measurement 

Coefficient  of  thermal  expansion 
of  fuel 

Exhaust  nozzle  thrust  coefficient 
Exhaust  nozzle  velocity  coefficient 
Compressor  efficiency 
Fuel  air  ratio 

Gross  thrust  measured  by  facility 
Ideal  one-dimensional  qross  thrust 
Net  thrust  measured  by  facility 
Calculated  flight  ram  drag 
Fuel  flow  turbine  meter  K  factors 


Units 

m 

m^ 

m2 

m2 

m2 


1/X 


kN 

kN 

kN 

kN 

cycle/ml 


» 


* 
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M 

MI  2 

M2AV 

M8 

MW 

NH 

NHPER 

NL 

NLPER 

NLQNH 

PAMB 

P04AV 

P05AV 

P08AV 

P2AV 

P2AV0A 

-  P2AV0E 

PS2AV 

P2QAMB 

P3AV 

P3AV0A 

-  P3AV0C 


Calculated  flight  Mach  number 

One-dimensional,  ideal  Mach  number 
at  Station  2 

Average  Mach  number  at  Station  2 

One-dimensional,  ideal  Mach  number 
at  Station  8 

Molecular  weight  of  exhaust  gas 

High  pressure  compressor  rotational 
speed 

High  pressure  compressor  percent 
of  rated  rotational  speed 

Low  pressure  compressor  rotational 
speed 

Low  pressure  compressor  percent 
of  rated  rotational  speed 

Ratio  of  low  pressure  compressor 
speed  to  high  pressure  compressor 
speed 

Ambient  pressure 
Average  pressure  at  Station  04 
Average  pressure  at  Station  OS 
Average  pressure  at  Station  08 
Average  total  pressure  at  Station  2 


* 


Kg/Kg  -  mole  * 
RPM 

% 

RPM 

t 


kPa 

kPa 

kPa 

kPa 

kPa 


Average  ring  total  pressures  kPa 

at  Station  2 

Average  static  pressure  at  Station  2  kPa 
P2AV/PAMB ,  RAM  Ratio 

Average  total  pressure  at  Station  3  kPa 


Average  ring  total  pressures  kPa 

at  Station  3 
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P3Q2 

PS31AV 

P5AV 

P5Q2 

P7AV 

P7AV0A 

-  P7AV0R 

P7QAMB 

P7Q2 

PS7AV 

R 

R' 

RNI 

SG60 

SFC 

TM1AV 

TWF 

T2AV 

T2AV0A 

-  T2AV0E 

T3AV 

T3AV0A 

-  T3AV0C 

T3Q2 


P3AV/P2AV 

Average  static  pressure  at  Station  31  kPa 
Average  total  pressure  at  Station  5  kPa 
P5AV/P2AV 

Average  total  pressure  at  Station  7  kPa 

Average  ring  total  pressures  kPa 

at  Station  7 

P7AV/PAMB 

Engine  Pressure  Ratio,  P7AV/P2AV 

Average  static  pressure  at  Station  7  kPa 


Gas  constant  of  air  J/(kg-K) 

Gas  constant  of  exhaust  gas  J/(kg-K) 

Reynolds  number  index 

Specific  gravity  of  fuel  at  289  X 

Specific  fuel  consumption  g/tkM-s) 

Average  duct  metal  temperature  at  K 

Station  1  and  Station  2 

Fuel  temperature  K 

Average  total  temoerature  at  X 

Station  2 

Average  ring  total  temperatures  X 

Station  2 

Average  total  temperature  at  X 

Station  3 


Average  ring  total  temperatures  X 

at  Station  3 

T3AV/T2AV 
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T5AV  Average  total  temperature  at  K 

Station  5 

T5Q2  T5AV/T2AV 

T7AV  Average  total  temperature  at  K 

Station  7 

T7Q2  Engine  Temperature  Ratio#  T7AV/T2AV 

T7AV0A 

-  T7AV0R  Average  ring  total  temperature  R 

at  Station  7 


TM7AV  Average  exhaust  nozzle  metal  K 

temperature  at  Station  7 


WA1 

Facility  airflow 

rate  measurement 

kg/a 

WA2 

Airflow  calculated  at  Station  2.0 

kg/ 3 

WAI 2 

One-d imens ional , 
at  Station  2 

ideal  airflow 

kg/s 

WAI8 

One-d imens ional , 
at  Station  8 

ideal  airflow 

kg/s 

WF 

Facility  fuel  flow  measurement 

g/s 

WFE1,  WFE2 

Fuel  mass  flow  rate  measured  at 

g/s 

engine  flow  meters  (On  Summary 
Output  Sheet  -  frequency  output 
of  engine  flow  meters) 


WFSlAC, 

WFE2AC  Frequency  output  of  engine  flow  Hz 

meters 


WFE1V, 

WFE2V  Fuel  volumetric  flow  rate  measured  ml/s 

at  engine  flow  meters 

WI8  One  dimensional,  ideal  exhaust  gas  kq/s 

flow  at  Station  8 

4  Pressure  correction  to  Sea  Level 

Y  Ratio  of  specific  heats 

Y  Ratio  of  specific  heats  at  engine 

1  inlet 


A-sy 


y  Effective  ratio  of  soecific  heats 

*’  across  the  compressor 

I 

y  Ideal  process  ratio  of  soecific 

1  heats  at  comoressor  exit 

\  Coefficient  of  thermal  expansion  1/k 

of  metal 


e 


Temperature  correction  to  Sea  Level 


v  Fuel  viscosity  cSt 

Suffixes 

0  Parameter  corrected  to  desired 

conditions 


R  Parameter  is  corrected  to  Sea  Level 

conditions,  desired  RAM  ratio  and 
for  fuel  lower  heating  value 


* 


9.5  DATA  PRESENTATION  FORMAT 

A  standard  data  presentation  format  sheet  will  be  included  in  each 
participant's  final  data  package.  .The  standard  units  to  be  used  for  the 
Test  Summary  Sheets,  the  Test  Conditions  Summary  Package,  and  the 
Engineering  Units  Tape  will  be  the  International  System  of  Units  (SI). 
The  units  are  as  follows; 


PARAMETER 

SI 

Pressure 

kilopascals 

(kPa) 

Temperature 

kelvin 

(K) 

Airflow 

kilograms/ 

second 

(kg/s) 

Fuel  Flow 
(Mass) 

grams/ second 
(g/s) 

Fuel  Flow 
(Volume) 

millliters/ 

second 

(ml/s) 

Frequency 

hertz 

(Hz) 

A -60 


Rotor  Speed 

revolutions/ 

min 

(RPM) 

Rotor  Speed 
(Percent) 

percent 

(%) 

Thrust 

kilonewtons 

(kN) 

Specific  Fuel 
Consumption 

grams/kilo- 
newton*  second 
(g/kN's) 

Altitude 

meters 

(m) 

Power  Lever 

Angle 

degrees 

(deg) 

Lower  Heating 

Value 

joules/gram 

(J/g) 

The  Test  Summary  Sheet  Is  presented  in  Table  IV. 
9.6  FORMAT  FOR  DATA  TRANSMITTAL 


Steady-state  data  readings  selected  from  the  data  will  be  sent  to  the 
OETP  participants  on  digital  magnetic  tapes  supplied  by  the  reguestinq 
agency  along  with  a  summary  of  each  data  reading  after  the  Chairman  of 
Working  Group  15  has  approved  their  release.  The  general  format  for  the 
data  tapes  and  the  summary  are  described  below.  The  number  of 
steady-state  data  points  per  tape  will  be  variable  depending  upon  the 
frequency  of  testing  and  the  number  of  data  points  Der  test  period.  A 
brief  written  log  will  be  included  with  each  taoe. 

Tape  Format 

The  tapes  will  be  non-labeled,  fixed  record  length  (physical  and  logical 
record  length  equal  132  bytes),  9-track,  1600  BPI,  ASCII  code  with  odd 
parity.  Each  logical  group  of  information  on  tape  will  be  of  the  form: 


RECORD  # 

1 

2 

3 

4 


Keyword  MSUB  MREC 
Description  of  Data 
N 

X<1)  X (2)  .  X(i) 


X(j)  ...  X(n-l) 


m 


X  (n) 
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Keyword  MSUB  MREC:  A  six-character  alphanumeric  word  which  identifies 
the  type  of  information  contained  in  the  group  followed  by  two  integers. 
MSUB  Indicates  the  number  of  subgroups  contained  within  the  qroup.  MREC 
indicates  the  number  of  records  contained  in  the  group,  not  including  the 
keyword  record.  Format:  (IX,  A6,  2016,  5X) 

Description  of  Data:  Signal  record  of  free  form  alphanumeric  information 
which  describes  and  defines  subgroups  of  information.  Format:  (IX  21A6, 
5X) 


N:  An  integer  which  indicates  the  number  of  units  (words  or  word  pair3) 
of  information.  Format:  (IX,  2116,  5X) 

X:  N  units  of  data  of  type  specified  by  keyword.  Format:  Dependent  on 
group  type.  ID  and  UNITS  groups  will  be  (IX,  21A6,  5X) .  CALCULATION, 
ENGINE  DATA  and  FACILITY  DATA  groups  will  be  (IX,  E15.8,  A.l,  E15.8,  Al,  * 
E15.8,  Al,  E1S.8,  Al,  E15.8,  Al,  EiS.8,  Al,  E1S.8,  Al,  E15.8,  Al,  3X) . 

With  this  structure  for  each  logical  group  of  information,  the  tape  can 
be  read  in  the  following  manner: 

JJ  Read  KEYWRD,MSU8,MRED  Keyword  MSUB  MREC 

If  (KEYWRD  »  AAAAAA)  Go  to  KK 


If  (KEYWRD  -  B8BBB8)  Go  to  LL 

KK  Do  MSUB  times,  then  return  to  JJ 

Read  DESCRIPTOR  Description  of  Data 

Read  N 

Read  (X (I) ,  I  -  1,  N) 


LL  Skip  MREC  Records 
Go  to  JJ 


Note:  ’Read"  means  read  under  format  control 

the  logical  end  of  tape  will  be  denoted  by  a  physical  end  of  file  mark. 

All  alphanumeric  information  will  be  left  justified  within  its  denoted 
field. 

TAPE  CONTENT 


There  will  be  five  types  of  logical  groups  of  information  with  subgroup 
structure  handled  by  descriptor  of  type  of  data.  Following  is  a 
description  of  each  group  (subgroup)  that  will  be  on  tape. 
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ID  GROUP 

Keyword  s  ID  13 

Descriptor  s  UNIFORM  ENGINE  TESTING  PROGRAM 

N  :  21 

The  ID  group  will  contain  alphanumeric  information  to  uniauely  identify 
the  accompanying  steady  state  data  point. 


Word 

Alphanumeric 

Purpose 

1-12 

USA  NASA  LEWIS  RESEARCH  CENTER 

Location 

13-17 

PSL-3 

Facility 

18-19 

YYMMDDHHmraSS 

Date  Recorded* 

20 

YYMMDD 

Date  Processed* 

21 

NNNN 

Data  Point  Number 

YY  -  Year 

(81) 

mm  -  Month 

(01-12) 

DD  -  Day 

(01-31) 

HH  -  Hour 

(00-24) 

mm  -  Minute 

(00-60) 

SS  -  Second 

(00-60) 

UNITS  GROUP 

Keyword  :  UNITS  1  3 

Descriptor  :  CUSTOMARY  SI 

N  "18 

The  descriptor  and  the  units  given  will  be  those  actually  used  on  the 


taps,  that  is.  either  Customary  or  SI.  not  both. 


Uord  Units 

1-2  LBF/IN2  I  KPA 

3  1  I  X 

4-5  L3M/SEC  I  KG/S 

6  L3r./H3  I  G/S 

7  GF71  I  flL/S 

8  HZ  I  HZ 

7  RFM  I  RPtl 

10  'A  I  X 

11  LBF  I  KH 

12-13  LS71/HR/LBF  I  G/KN.S 

14  FT  I  M 

15  DEG  I  DEG 

16-17  BTU/LBfl  1  U/G 

is  nii/nti 


Parameter 

Pressure 

Temperature 

Airxlou 

Fuel  Flou  CUF,  UFE) 

Fuel  Flou  (UFE liC,  WFE2AC) 
Fuel  Flou  (WFE1,  HrEZJ 
Rotor  Sneed 
F.otor  Speed  (Percent) 
Thrust 

Specific  Fuel  Consumption 
Altitude 

Pouer  Lever  Angle 
Lower  Heating  Value 
Engine  vibration 


The  information  units  in  the  follouing  groups  uill  occur  in  uord  pairs. 

The  first  uord  of  each  pair  uill  be  tne  value  m  engineering  units,  the 
second  uord  uill  be  an  alphanumeric  flag  character;  it  uill  be  either 
blank  (  )  or  contain  an  asterisk  (*).  If  it  is  blank  its  accompanying 
data  value  is  good  data.  If  it  contains  an  asterisk,  its  accompanying 
data  value  is  erroneous  or  at  least  questionable. 

The  follouing  groups  are  based  on  the  data  taken  and  calculations  made  at  Leuis 
Research  Center.  The  tape  format  is  defined  so  that  each  facility  can  easily 
customize  the  information  reported  on  tape  to  fit  their  cun  data  and  calculations. 
The  Calculation  Group  and  Engine  Data  Group  should  be  essentially  the  same  for 
all  facilities,  houever  the  Facility  Data  Greuo  uould  be  expected  to  vary  uith 
each  facility.  Each  facility  should  provide  an  index  for  tneir  tapes  which 
identifies  the  information  in  their  Facility  Data  Group  and  .ny  other  deviations 
from  the  follouing  list. 
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Keyuord  :  CALC  8  31 
Descriptor  :  Dependent  on  subgroup 
H  :  Dependent  on  subgroup 

The  subgroups  are  as  follous: 


Descriptor  : 

;  SUM.ARY 

or  TEST  CONDITIONS 

N 

:  12 

Uord  Value 
Pair 

1  ALT 

1 

FN 

2  RHI 

to 

HLPER 

3  P2AV 

11 

NHPES 

4  TJAV 

12 

SFC 
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4  NtPERR  12  NHRD 

5  NH  13  HHPRRD 

i  NHR 

7  XHPER 
*  NHPERR 


run  rtou 
u 


Descriptor  :  ENGINE  PRES.  C  TEMP. 
H  :  4 

Word  Value 


4  P7QAMB 


RATIOS 


Descriptor  :  COMPRESSOR  PERFORMANCE 
N  :  J 

Word  Value 
Pair 


1  P3Q2 


2  T3Q2 


J  EC 


ENGINE  DATA  GROUP 

Keyword  :  ENGDAT  3  33 
Descriptor  :  Dependent  on  subgroup 
N  :  Dependent  on  subgroup 

The  subgroups  are  as  follows: 


Descriptor  :  PRESSURES 
H  :  124 

Uord  Value 
Pair 

1  PS2A01  9  P2A00 

2  PS2301  10  P2B00 


3  PS2A10  11  P2C00 


17  PZDO 9 

18  P2E0 9 

19  P2A18 


25  P2B27 

26  P2C27 

27  P2D27 


4 

PS2310 

12 

P2D00 

5 

PS2A19 

13 

P2E00 

4 

PS2B19 

14 

P2A09 

7 

FS2A28 

15 

P2B09 

S 

PS282S 

16 

P2C0  9 

S3 

F3L2E05 

41 

FBL2E07 

34 

P2L2F05 

42 

P3L2A23 

35 

P3L2G05 

43 

P3L2323 

36 

PSL2H0S 

44 

P3L2C23 

37 

P312A07 

45 

P3L2D23 

33 

P3L2B07 

46 

F3L2E23 

39 

F3L2C07 

47 

P3L2F23 

40 

F3L2D07 

48 

P3L2G23 

63 

PS7A00 

73 

P7I01 

66 

FS7A09 

74 

P7K01 

67 

PS7A13 

75 

P7M01 

68 

PS7A27 

76 

P70Q1 

69 

P7A01 

77 

P7Q01 

70 

P7C01 

78 

P7310 

71 

P7E01 

79 

P7D10 

72 

P7G01 

80 

P7F10 

97 

P7D2S 

105 

P04A35 

93 

P7F23 

106 

P04A03 

99 

P7H28 

107 

P04A17 

100 

P7J23 

108 

P04A26 

101 

P7L28 

109 

P05A35 

102 

P7N28 

110 

PQ5A08 

103 

P7P28 

111 

P05A17 

104 

P7R28 

112 

P05A26 

Descriptor  : 

TEMPERATURES 

N 

; 

69 

Word 

Pair 

Value 

1 

T2A14 

9 

T2D32 

2 

T2314 

10 

T2S32 

3 

T2C14 

11 

T3A11 

4 

T2D14 

12 

T3311 

3 

T2E14 

13 

T3C11 

6 

T2A32 

14 

T3A25 

7 

T2332 

15 

T3B25 

3 

T2C32 

16 

T3C25 

33 

T7P01 

41 

T7H10 

34 

1730 1 

42 

T7O10 

35 

T7A10 

43 

T7Q10 

36 

T7C10 

44 

T7B19 

37 

T7E1 0 

45 

T7D19 

20 

P2B18 

28 

P2E27 

21 

P2C18 

29 

PSL2A05 

22 

P2D1S 

30 

PBL23Q5 

23 

P2E18 

31 

P3L2C05 

24 

P2A27 

32 

PBL2D05 

49 

P3L2H23 

57 

P3308 

50 

PSL2A2S 

58 

P3C08 

51 

P3L2B25 

59 

P3A28 

52 

FBL2C25 

60 

P3328 

53 

P3L2D25 

61 

P3C28 

54 

P3L2E25 

62 

PS31A03 

55 

PS13A05 

63 

PS31A33 

56 

P3A08 

64 

P5AV30 

81 

P7H10 

89 

P7E19 

82 

P7J10 

90 

P7G19 

83 

P7L10 

91 

P7I19 

84 

P7K10 

92 

P7K19 

85 

P7P10 

93 

P7M1 9 

86 

P7R10 

94 

P7019 

87 

P7A19 

93 

P7Q19 

88 

P7C19 

96 

P7B28 

113 

P08A03 

121 

PB 

114 

P08A12 

122 

PCP 

115 

P08A21 

123 

P314A12 

116 

P08A30 

124 

P314A21 

117 

MOP 

118 

PMB 

119 

PFO 

120 

PF2 

17 

T5H 

25 

TT17A29 

18 

T5A02 

26 

T7B01 

19 

T5A11 

27 

T7D01 

20 

T5A20 

28 

T7F01 

21 

T5A29 

29 

T7H01 

22 

7M7AC2 

30 

T7J01 

23 

TT17A11 

31 

T7L01 

24 

TM7A20 

32 

T7N01 

49 

T7L1  9 

57 

T7I28 

30 

T7H19 

58 

T7K2S 

51 

T7P19 

59 

T7M28 

52 

T7R19 

60 

T7028 

53 

T7A28 

61 

T7Q28 
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38 

T7G10 

46 

T7F19 

39 

T7I10 

47 

T7H19 

40 

T7K10 

48 

T7J19 

63 

TB14S21 

66 

TOXLCOOL 

67 

not 

68 

TFO 

67 

IMF 

54  T7C28 
S3  T7E28 
38  T7G28 


Descriptor  :  nisCElLAMEOUS 

n  i  12 

Word  Value 
Pair 

1  Mr El AC  V  VCBH 

!  8ffi“  i!  SB 

.  (jm  u  mxc 

8  VOC 

7  VIC 

8  VAD 

FACIITTV  DATA  GROUP 

Keyword  :  TACDAI  3  23 
Descriptor  :  Dependent  on  subgroup 
"  :  Dependent  on  subgroup 

The  subgroups  are  as  follows : 


Descriptor  : 
H  : 

Word  Value 
Pair 

i  psooaoo 

‘  PS00A09 
PS00A27 
PSOIAOO 
P50130Q 
PS01A12 
PS01B12 
PS01A24 


PRESSURES 

31 


33  PBUD17 

34  PBLiri7 
33  FBE1H17 

36  PEL1J17 

37  mm; 

38  P3UN17 
37  P1A28 


9 

PS01B24 

17 

FS03A24 

10 

PS02A00 

18 

PS03324 

11 

FS02A12 

19 

FS1A00 

12 

PS02A24 

20 

PS1A09 

13 

PSOIAOO 

21 

PS1A18 

14 

FS03300 

22 

FS1A27 

13 

PSQ3A12 

23 

P1AC8 

16 

PS03312 

24 

P3L1A08 

41 

F3L1C26 

49 

PBL1D33 

42 

P3L1E26 

50 

PBL1F33 

43 

F3L1G26 

51 

FBL1H35 

44 

P3L1I26 

52 

F3L1J33 

43 

P3L1K26 

53 

PEL1L35 

46 

P5L1M26 

54 

F3L1N33 

47 

P1A33 

53 

PS1A13 

62  TB14A12 

63  TB14B12 

64  TB14A21 


25  P3LIC08 

26  P311E0S 

27  F3L1GS8 

28  FBL1Z08 

29  F3E1K08 

30  FSL1M08 

31  P1A17 

32  FBL1B17 

37  PS1A14 

38  PS1B14 

59  FS1C14 

60  FS1D14 

61  P1A14 

62  P1B14 

63  F1C14 


40 

PSL1A24 

48  PBL1833 

56  PS1A31 

64 

P1B14 

43 

PS1A32 

73  PS2B01T 

8i  psn.o 

89 

PTNK8 

44 

PS2S32 

74  PS2A17M 

82  PTNK1 

90 

PTNK9 

47 

PS1C32 

75  PS2A35T1 

83  PTNK2 

91 

PTHK7P 

48 

PS1DS2 

76  P2C007 

84  PTHK3 

4  9 

PIAS2 

77  P3308T 

85  PTNK4 

70 

P1332 

78  FS31A03T 

86  PTNK3 

71 

P2C32 

79  P05A097 

87  PTNK6 

72 

P1D32 

80  DPFLO 

33  PTNK7 

Descriptor  : 

TEMPERATURES 

n 

* 

43 

Uord 

Pair 

1 

Value 

T03A 

9  T00C18 

17  TH1A34 

23 

TTANK2 

2 

T00300 

10  TO0D18 

18  T1A14 

26 

TTANK3 

3 

T00C50 

11  T00327 

19  T1314 

27 

TTA1IK4 

4 

TOODOO 

12  TQ0C27 

20  T1C14 

28 

TTAHK5 

3 

700309 

13  TOOD27 

21  T1A32 

29 

TTANK4 

4 

TS0C09 

14  TM1A07 

22  T1B32 

30 

TTAMK7 

7 

700D09 

15  TT11A16 

23  T1C23 

31 

TTAHK8 

8 

100813 

16  TM1A25 

24  TTAHK1 

32 

TTANK9 

33 

TTANK10 

41  TULROD 

34 

TFRL1 

42  TLRROD 

33 

ina.2 

43  TU8R0D 

36 

TFPL1 

37 

TPPL2 

38 

TFFAC 

33 

TSPLO 

40 

TLL80D 

Descriptor  : 
N  : 

Uord  Value 
Pair 

mti 

rm.2 

PPL1 

rnz 
unuc 
urizAc 

UFH1AC 
UFH2AC 


mscniAHEOus 

is 


»  urzKD 
10  FLA 


A-69 


9.7  SUGGESTED  PERFORMANCE  PARAMETERS 

The  objective  of  the  Uniform  Engine  Testing  Program  is  the  comoarison 
of  performance  parameters  as  processed  by  the  various  test  centers. 

There  must  be  sufficient  commonality  of  instrumentation  and  procedures  to 
permit  data  interpretation  and  analysis.  Although  the  instrumentation 
will  not  be  extensive  enough  to  permit  accurate  evaluation  of  absolute 
levels  of  performance,  comparative  results  can  be  obtained  by  using  the 
same  instrumentation  and  calibrations,  e.g.,  mv  to  k,  at  the  various  test 
sites.  A  common  set  of  parameters  is  required.  The  proposed 
instrumentation  layout  has  been  designed  to  allow  calculation  of 
representative  performance  parameters.  These  should  permit  comoarison  of 
calculation  techniques  as  well  as  engine  deterioration.  It  is  DroDosed 
that  the  following  engine  oarameters  be  computed  bv  all  participants  and 
submitted  in  addition  to  the  basic  pressure,  te'oerature  and  flow  data: 

SUGGESTED  PERFORMANCE  PARAMETERS* 

INLET 


1.  Actual  and  corrected  airflow 

2.  Reynolds  number  index 

3.  Inlet  Mach  number 

4.  Inlet  Flow  coefficient 

5.  RMS*  0  <  f  <  1000  Hz 
OVERALL 

1.  Rotor  speeds  -  actual  and  corrected 

2.  Ratio  of  rotor  speeds 

3.  Fuel  flow  -  actual  and  corrected 

4.  Engine  pressure  and  temperature  ratios 

5.  Nozzle  pressure  ratio 

6.  Thrust  and  specific  fuel 
consumption  -  actual  and  corrected 

*  A  preliminary  list  of  equations  is 
included  in  Section  9.6. 
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COMPRESSION  SYSTEM 

1.  Pressure  ratios 

2.  Temperature  ratios 

3.  Adiabatic  efficiency 

Pressure  and  temperature  instrumentation  at  the  exit  of  the  high 
compressor  has  been  requested  to  permit  the  calculation  of  representative 
compressor  efficiency.  While  not  "true",  in  an  absolute  sense,  the 
calculated  efficiency  would  serve  to  illustrate  differences  in 
computational  methods  and  techniques  for  evaluating  thermodynamic 
properties.  Comparison  of  the  efficiency  throughout  the  program  will 
permit  evaluation  of  engine  deterioration. 

EXHAUST  NOZZLE 

1.  Plow  coefficient  -  f(WAl,  WFE)/f  (P7AV, 

T7AV,  PAM8,  A8) . 

2.  Thrust  coefficient  «  f (FG  Meas)/f 
(P7AV,  T7AV ,  PAMB,  A8) . 

3.  Velocity  coefficient  «  f(FG  Mea3)/f 
(P7AV ,  T7AV,  PAMB,  WA1,  WFE) . 

The  purpose  of  these  calculations  is  to  provide  a  basis  for 
comparative  evaluation  of  normal  facility  airflow  and  thrust 
measurements.  The  levels  or  trends  of  the  flow  coefficient  relative  to 
the  effective  velocity  coefficient  (ratio  of  "Measured"  effective 
velocity  to  ideal  effective  velocity)  are  different  if  the  error  is  in 
jet  thrust  rather  than  airflow.  Such  comparisons  can  be  used  to  increase 
confidence  and  detect  gross  anomalies  in  facility  measurements. 

9.8  PERFORMANCE  PLOTS 

A  standard  set  of  performance  plots  for  each  test  condition  will  be 
Included  in  each  participant's  final  data  packaae.  The  Standard  Aqard 
Engine  Performance  Plots  are  shown  in  Figures  10a.,  b.,  c.,  d.,  e.,  and 
f. 


9.9  DATA  AND  REPORT  TRANSMITTAL 

Ten  copies  of  the  facility  final  data  package  should  be  transmitted 
to  the  Chairman  of  Working  Group  IS  within  60  calendar  days  after  test 
completion  (2nd  engine  preservation) .  The  final  data  package  should 
include  documentation  (l.e.  test  summary  report)  that  briefly  explains 
the  data,  test  procedures,  test  article,  and  test  facility.  Twenty 
copies  of  the  facility  final  report  should  be  transmitted  to  the  chairman 
within  140  calendar  days  after  transmittal  of  the  final  data  package. 
Distribution  of  the  data  package  and  test  report  will  be  made  only  to 
those  facilities  that  have  completed  the  test  program  and  transmitted  the 
final  test  report  to  the  chairman. 
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10.0  ERROR  ASSESSMENT 

Each  participant's  test  plan  will  include  a  pretest  estimate  of  the 
measurement  uncertainty  anticipated  for  engine  airflow,  net  thrust  and 
specific  fuel  consumption  at  the  target  speed  (see  Section  8).  The 
measurement  uncertainty  analysis  to  be  used  is  the  method  orooosed  bv  Or. 
R.  B.  Abernethy  and  J.  w.  Thompson,  Jr.  which  is  presented  in  "Handbook  - 
Uncertainty  1  Gas  Turbine  Measurement",  AEDC-Tr-73-5.  Pretest 
measurement  uncertainties  will  be  made  for  the  following  test  conditions 
at  the  target  engine  power  NH  as  specified  in  Section  8.4: 


Facility 

Inlet  Pressure 

Ram  Ratio 

Inlet  Temperature 

Altitude 

82.7 

(KPa) 

1.00 

288°K 

Altitude 

20.7 

(KPa) 

1.30 

288°K 

Sea-Level 

100.0 

(KPa) 

1.00 

288°K 

Sea-Level* 

100.0 

(KPa) 

1.00 

288°K 

At  a  low  NH  engine  power  setting  to  be  specified  by  the  Overview 
Committee. 


A  posttest  measurement  uncertainty  estimate  of  engine  airflow,  net 
thrust,  and  specific  fuel  consumption  will  be  made  at  the  target  soeed  of 
each  cast  condition  and  will  be  included  in  the  participant's  final  test 
report  along  with  an  estimate  of  the  elemental  source  errors  for  each 
individual  measurement  used  to  derive  these  parameters.  The  final  test 
report  will  contain  four  tables  relating  to  measurement  uncertainty. 
Examples  of  the  recommended  format  for  the  measurement  uncertainty  tables 
are  presented  in  Tables  V-VIII. 


11.0  REPORTING 


11.1  FACILITY  TEST  PLAN  FORMAT 
Revision  Sheet 
Table  of  Contents 

Section  1.0  Introduction  (Background) 

Section  2.0  Test  Objectives  and  Responsibilities 

Section  3.0  Description  (Installation) 

3.1  Test  Facility 

3.2  Engine 

Section  4.0  Testing 

4.1  Test  Conditions 

4.2  Procedures 

Section  5.0  Instrumentation 

5.1  Test  Cell 

5.2  Engine 

5.3  Calibration  Procedures 

Section  6.0  Data  Handling 

6.1  Calculation  Procedures 

6.2  Data  Adjustment  Procedures 

6.3  Error  Evaluation 

Section  7.0  Schedule 

References 

Tables 

Figures 
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11.2  FACILITY  TEST  REPORT  (to  be  specified  bv  Overview  Committee) 
Tentative  outline  is: 

Cover 

Preface 

Table  of  Contents 
Nomenclature 

Section  1.0  Introduction 

Section  2.0  Apparatus 

2.1  Test  Facility 

2.2  Test  Article 

2.3  Test  Instrumentation 

Section  3.0  Test  Description 

3.1  Test  Conditions  and  Procedures 

3.2  Corrections 

3.3  Data  Reduction 

3.4  Uncertainty/Precision  of  Measurement 

Section  4.0  Testing  Results 

4.1  Techniques  used  for  Data  Analysis 

4.2  Results 

Section  5.0  Concluding  Remarks 

Section  6.0  References 

Tables 

Figures  (Standard  Format  Plots  to  be  provided  bv  NASA  from  each 
test  participants  AGARD  data  tape) 


Appendices 
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12.0  ENGINE  PRESERVATION  AND  SHIPPING 
(Refer  to  T.O.  2J-JS7-13  for  Official  Procedures) 

12.1.  ENGINE  PRESERVATION  (Altitude  Facilities) 

1.  The  engine  fuel  system  will  be  preserved  after  comDletion  of 
testing  usina  oil  conforming  to  Military  Soecif ication 
MIL-L-6081,  Grade  1010. 

2.  Prior  to  cell  air-on,  disconnect  pressurizing  and  dump  valve 
control  tube  at  dump  valve  and  discard  oil  seal.  Plug  end  of 
tube  with  suitable  fitting  and  leave  dump  valve  connection  ooen 
to  cell  ambient  pressure. 

3.  Disconnect  fuel  in-line  to  fuel  pump  and  connect  it  to  1010  oil 
supply  at  172.37  kPa  g  (25  psig)  pressure.  Oil  temperature 
should  be  greater  than  283.15°K  (50°F) . 

4.  Set  conditions  P2  ■  PAMB  *  55.16  +  1.38  kPa  (8  +  .2  psia) ,  T2  * 
ambient  temperature. 

5.  Ensure  engine  ignition  remains  de-energized  for  this  program 
procedure. 

6.  Slowly  increase  P2  to  achieve  N2  *  1500  ♦  100  rpm.  Record 
Transient  Data. 


CADTION 

A.  Ensure  N1  indication. 

B.  Ensure  MOP  _  330.95  kPa  (48  Dsia) 
within  15  sec  after  start  windmill. 


7.  Advance  PLA  to  military  setting  (90  deg).  When  Dreservation  oil 
is  observed  flowing  from  drain,  slowly  retard  PLA  to  cutoff  (0 
deg).  Return  to  military  setting,  and  return  to  cutoff.  RTD. 

8.  Return  test  cell  to  ambient  conditions. 

9.  Using  a  new  seal,  install  and  secure  dump  valve  control  tube  and 
lock wire  nut. 

10.  After  completion  of  fuel  system  oreservation,  engine  oil  shall 
be  drained  by  opening  main  oil  drain  valve,  oil  inlet  drain 
valve,  filter  drain  valve  (located  on  oil  pumps  and  accessory 
drive  housing) ,  two  tank  drain  valves,  and  drain  plug  on 
accessory  drive  adapter. 
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11.  Allow  engine  to  stand  until  excess  oil  has  drained;  close  drain 
valves  and  replace  drain  plug.  Coat  drain  plug  with 
preservative  oil  prior  to  reinstallation. 

12.2  ENGINE  PERSERVATION  (Sea-Level  Test  Facilities) 

1.  Engine  fuel  system  shall  he  preserved  after  completion  of 
testing  using  oil  conforming  to  Military  Soecif ication, 
MIL-L-6081,  Grade  1010. 


CAUTION 

Extreme  care  shall  be  taken  to  prevent  foreign  material 
from  entering  engine  fuel  svstem.  EquiDment  shall  be 
provided  with  filters  and/or  strainers  of  no  coarser  mesh 
(200  mesh)  than  those  used  in  engine. 


2.  Disconnect  pressurising  and  dump  valve  control  tube  at  dump 
valve,  and  discard  oil  seal.  Plug  end  of  tube  with  suitable 
fitting  and  leave  dump  valve  connection  open  to  atmosphere. 

3.  Disconnect  fuel  in-line  to  fuel  pump  and  connect  it  to  sucoly  of 
slushing  oil  at  pressure  of  2  —  25  psig,  at  temoerature  of 

500  _  90°F  (10°  --  32°C) . 

4.  With  ignition  OFF  and  with  test  stand  fuel  shutoff  valve  CLOSED, 
move  power  lever  to  FULL  OPEN  position.  Motor  engine  with 
starter  until  preservation  oil  is  observed  to  flow  from  dumo 
valve  overboard  drain.  During  motoring  oeriod  cower  lever  shall 
be  moved  from  MILITARY,  to  OFF,  to  MILITARY. 


CAUTION 

Ensure  drain  valve  control  tube  elbow  is  correctly 
installed  and  has  not  been  inadvertently  located  in 
MILITARY  pressure  tap  opening. 


NOTE;  Check  main  oil  fuel  pump,  and  fuel  control  strainers, 
for  evidence  of  leakage. 

5.  Using  new  seal,  install  and  secure  dump  valve  control  tube  and 
lockwite  nut. 
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6.  After  completion  of  the  fuel  system  preservation  engine  oil 
shall  be  drained,  by  opening  main  oil  drain  valve,  oil  inlet 
drain  valve,  filter  drain  valve  (located  on  oil  pumps  and 
accessory  drive  housing),  two  tank  drain  valves,  and  drain  pluq 
on  accessory  drive  adapter. 

7.  Allow  engine  to  stand  until  all  excess  oil  has  drained;  close 
drain  valves  and  replace  drain  plug.  Coat  drain  plug  with 
preservative  oil  prior  to  reinstallation. 

12.3  ENGINE  WATERWASH 

Only  in  the  unlikely  event  that  a  10.47  Hz  (100  rpm)  drop  in  rated 
speed  occurs,  should  an  engine  waterwash  be  considered.  NASA  has  no 
plans  to  do  a  waterwash  and,  following  a  Pratt  and  Whitney' s  suggestion, 
recommends  that  it  not  be  done  unless  absolutely  necessary  and  then  only 
with  approval  of  the  steering  committee. 

12.4  SHIPPING 

To  be  specified  by  AGARD  Working  Group. 


Compressor  Speeds  Revised  /31/82 
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DESCRIPTION  OF  DATA  MEASUREMENT  SYSTEMS  (Example) 
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FIG.  2  MODIFIED  TA II. PIPE  AND  REFERENCE  NOZZIE 
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- STEADY  STATE 

I - SLOW  RESPONSE  DYNAMIC  NOTE:  Instrumentation  layouts  are 

I  | — HIGH  RESPONSE  DYNAMIC  from  PIL0T  VIEW  for  a11  figures- 

O  O  •- TOTAL  PRESSURE 
□  3  H- STATIC  PRESSURE 
X  X  Z- TEMPERATURE 

A.  STATION  2.0  LPC  INLET 

FIG.  4  ENGINE  INTERNAL  AERODYNAMIC  PRESSURE  &  TEMPERATURE  INSTRUMENTATION 
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F.  STATION  5 
LPT  EXIT 


FIG.  4.  (CONTINUED) 
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G.  STATION  7 
EXHAUST  NOZZLE  INLET 


FIG.  4  (CONTINUED) 


J.  STATION  0.8 
EXHAUST  NOZZLE  (EXTERNAL) 


FIG.  4  (CONCLUDED) 


NASA  SKETCH 


(d)  Front 


FIG.  7  NASA  BU1.I.ETN0SE  AND  ENGINE  INLET  INSTRUMENTATION  SPOOL  PIECE  DESIGN. 
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FIGURE  10.  (Continued) 


UNIFORM  ENGINE  TESTING  PROGRAM 
SUMMARY  OF  TEST  RESULTS 
e.  ENGINE  S/M  607594 
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FIGURE  10.  (CONTINUED) 


UNIFORM  ENGINE  TESTING  PROGRAM 
SUMMARY  OF  TEST  RESULTS 
f.  ENGINE  S/N  61503? 


A-l  14 


FIGURE  10.  (CONCLUDED) 
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Major  Parts 


OPE 

REQ. 

PART  NUMBER 

1 

2 

270237 

4 

8 

181796 

1 

1 

9484-A22 

1 

1 

S70377L22 

2 

2 

313093 

2 

2 

20300-80 

2 

2 

20300-10 

EXPENDABLES 

2 

4 

193837 

2 

8 

AS100011 

2 

8 

326239 

1 

8 

254414 

3 

40 

342433 

1 

20 

397741 

1 

20 

388064 

1 

1 

481977 

2 

2 

385992 

4 

4 

MS9021-219 

1 

1 

MS9021-221 

1 

1 

202199 

4 

5 

MS9021-217 

1 

1 

278529 

4 

5 

MS9021-011 

1 

1 

MS9020-04 

2 

15 

354109 

2 

15 

213542 

5 

10 

MS9021-215 

10 

30 

354120 

10 

30 

213546 

1 

2 

346648 

IX  r 


'57  ONIFIED  ENGINE  TEST  PROGRAMS 

DESCRIPTION 

PT7  Probe 

TT7  Probe 

Fuel  Pump 

Fuel  Control 

Igniter 

Igniter  Leads 

Ignition  Exciters 

Gasket,  Oil  Cooler  Tubes 
Gasket,  Tach  Drive 
Gasket,  TT4 
Gasket,  PT7  Probe 

"o"  Ring,  Gearbox  Drain  and  Remote  Fill 

•o*  Ring,  Oil  Filter 

"o"  Ring,  N1  Gearbox  Drain 

Gasket,  Fuel  Pump  Mount 

"o"  ring  Fuel  Pump 

"o"  Ring,  Pump  Adapter 

"o"  Ring,  Pump  Inlet 

Gasket,  Fuel  Control  Mount 

"o"  Ring 

Gasket,  Temperature  Sensor 

"o"  Ring,  Control 

"o"  Ring,  Control 

Retainer 

Seal 

"o"  Ring 

Retainer 

Seal 

Moisture  TraD  Seal 
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CPE 

REO. 

PART  NUMBER 

DESCRIPTION 

1 

2 

376466 

"o"  Ring,  Oil  Tank 

2 

a 

403809 

"o"  Ring,  Oil  Tank 

2 

10 

385991 

"o"  Ring,  Cooler  Line 

1 

4 

385970 

"o"  ring,  cooler  To  Tank 

2 

4 

182888 

Gasket,  Igniter 

4 

8 

182213 

Gasket,  Anti-Ice  Valve 

APPENDIX  II 

(Refer  to  T.O.  2J-J57-13  for  Official  Procedures) 


Spectroaetr ic  Oil  Analysis  Program  Sample  (SOAP)  Limits  for  JS7-P-19W 
Engine 


Element  -  Maximum**) 


Pe 

11 

PPM 

Ag 

3 

PPM 

Al 

5 

PPM 

Cr 

3 

PPM 

Cu 

3 

PPM 

Mg 

5 

PPM 

Ni 

3 

PPM 

Ti 

3 

PPM 

(*)  Maximum  limits  of  accumulated  wear  metal  contaminants  in  carts 

per  million  (PPM)  concentrations. 

NOTE:  Notify  Working  Group  15  Chairman  if  one  or  more  elements  exceed 

established  limits. 
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APPENDIX  III 

(Refer  to  T.O.  2J-J57-13  for  Official  Procedures) 
ENGINE  OPERATING  PROCEDURES 

Oil  Service 


1.  Service  with  MIL-1,-7808  oil.  Total  oil  tank  capacity  is  60.6 
liters  (16  gallons)  but  7.57  liters  (2  gallons)  are  sometimes 
residual  in  bearing  compartments. 

2.  Run  engine  for  five  mintues  at  idle,  accel  to  7300  rpm  N2  for  30 
seconds  to  scavenge  oil  from  the  bearing  compartments  and 
shutdown. 

3.  Hot  service  oil  system  within  one  hour  of  shutdown. 

4.  If  required,  take  soap  sample. 

5.  Fill  oil  tank  to  full  mark. 

Engine  Deoreservatlon  and  Fuel/Oil  Leak  Check  (Altitude  Facilities) 

1.  Prior  to  cell  air-on,  disconnect  pressurizing  and  dumo  valve 
control  tube  at  dump  valve.  Plug  end  of  tube  with  suitable 
fitting  and  leave  dump  valve  connection  open  to  cell  ambient 
pressure. 

2.  Altitude  test  facilities  set  conditions  P2  *»  PAMB  *  55.2  +  1.4 
kPa  (8.0  +  .2  psia) .  T2  *  ambient  temperature. 

3.  Ensure  engine  ignition  remains  de-energized  for  this  program 
procedure. 

4.  Slowly  increase  P2  to  achieve  N2  ■  1500  +  100  rpm.  RTD. 


A.  Ensure  MOP  330.9  kPa  (48  psia)  within  15  sec  after 
start  windmill. 


5.  Advance  PLA  to  military  setting  (90  deg)  until  approximately 
7.57  liters  (two  gallons)  of  fuel  is  dumoed  overboard  at  dumo 
valve.  Check  engine  for  external  fuel  and/or  oil  leaks. 

6.  Retard  PLA  to  cutoff  (0  deg). 

7.  Return  test  cell  to  ambient  conditions. 

8.  Reconnect  pressurizing  and  dump  valve  control  tube. 
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9.  Reset  conditions  in  Step  4. 

10.  With  ignition  de-energized,  advance  PLA  >*  26.5  deg.  Observe 
fogging  from  engine.  Ensure  engine  fuel  flow  less  than  1259.98 
g/sec  (1000  lbm/hr) .  Retard  PLA  to  cutoff  (0  deg)  and  observe 
engine  for  proper  functioning  of  fuel  dump  valves. 

11.  Windmill  engine  for  two  minutes  to  remove  residual  fuel.  Return 
to  ambient  conditions. 

12.  End  of  Procedure. 

Engine  Deoreservatlon  and  Fuel/Oil  Leak  Check  (Sea-Level  Facilities) 

1.  Prior  to  initial  engine  stock,  disconnect  pressurizing  and  dumD 
valve  control  tube  at  dump  valve.  Plug  end  of  tube  with 
suitable  tilting  and  leave  dump  valve  connection  open  to 
atmosphere. 

2.  Ensure  engine  ignition  remains  de-energized  for  this  program 
procedure. 

3.  With  ignition  OFF,  fuel  ON,  and  power  lever  CLOSED,  operate 
engine  by  starter  at  speed  sufficiently  high  enough  to  ensure 
that  oil  system  is  fuliy  primed  and  that  oil  pump  maintains 
pressure  indication. 

4.  Open  throttle  until  approximately  two  gallons  of  fuel  is  dunroed 
overboard  at  dump  valve.  Check  engine  for  external  oil  leaks 
and  check  drain  valves  for  proper  functioning. 

5.  Reconnect  pressurizing  and  dump  valve  control  tube. 

6.  End  of  procedure. 

Engine  Starting  and  Shutdown  (Altitude  Facilities) 

1.  Altitude  test  facilities  set  conditions  P2  -  PAMB  »  55.2  +  1.4 
kPa  (8.0  +  .2  psia)  and  T2  »  ambient  temperature. 

2.  Slowly  increase  P2  to  achieve  N2  ■  1500  +  100  rom.  Record 
transient  data. 


CAUTION 

A.  Ensure  N1  indication  before  moving  power  lever  to  idle 
to  avoid  huna-start  and  excessive  starting 
temperatures. 

3.  Ensure  MOP  330.9  kPa  (48  psia)  within  15  sec  after 
start  windmill. 


A- 121 


3.  Energize  ignition  and  advance  PLA  ■  26.5  deg.  Discontinue  start 
if  fuel  flow  is  greater  than  1259.98  g/see  (1000  lbm/hr) . 


CAUTION 

C.  Light-up  must  occur  within  30  sec  after  PLA  is 
positioned  at  idle. 

D.  Maximum  EGT  (average  of  4  probes)  is  723.15°K 
(842°P) . 


4.  De-energize  ignition  system. 

5.  Obtain  steady-state  data.  Low  and  hiqh  rotor  speeds  should  be 
approximately  230.4  (2200)  and  6000  rpm,  respectively. 

NOTE:  Mild  compressor  stalls  are  common  with  the  J57  engine 

at  low  rotor  speeds.  If  encountered  and  does  not 
immediately  clear,  decel  to  idle  power. 

6.  To  ensure  proper  engine  cooling  and  maximum  oil  scavenging,  all 
engines  shutdowns  shall  be  made  by  running  the  engine  at  idle 
for  5  minutes,  followed  by  30  seconds  at  N2  »  7450  rpm,  and  then 
closing  power  lever  to  OFF. 

7.  Observe  engine  for  proper  functioning  of  fuel  drain  valve. 

8.  Altitude  test  facilities  return  test  cell  to  ambient 
conditions. 

9.  End  of  Procedure. 

Engine  Starting  and  Shutdown  (Sea-Level  Facilities) 

1.  Prior  to  initial  start,  during  engine  static  condition,  energize 
ignition  system  and  check  by  listening  to  ensure  that  both 
ignitor  are  firing. 

2.  Prior  to  initial  start,  accomplish  engine  depreservation  and 
fuel/oil  leak  check. 

3.  Starter  air  supply  to  maintain  60  PSIG  during  start  orocedure. 
Activate  starter  and  ensure  and  N2  indication.  Ensure 

oil  pressure  (MOP)  48  PSIA  within  15  sec. 

4.  Energize  ignition  system  at  800  —  1,000  rpm  (8.2  —  10.3 
percent)  high  comoressor  rotor  (N2)  speed. 
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5.  Open  power  lever  to  IDLE  position  (26  1/2  °PLA)  at  1,200  — 
1,500  rpm  (12.4  —  15.5  percent)  high  comoressor  rotor  (N2) 
speed.  Discontinue  the  start  if  fuel  flow  exceeds  1,000  phr. 

6.  Record  time  to  light  _  from  starter  initiation  to  indication 

in  exhaust  gas  temperature  (EGT). 

Cut  off  starter  at  2500-3000  rpm  (26-31%)  N2. 

Allow  engine  to  accelerate  to  IDLING  speed  (60%  N2)  and 
observe  maximum  EGT.  Maximum  allowable  EGT  is  450°C 
(842°F) .  Observe  oil  pressure  -  min.  40  PSIG. 

Record  time  from  starter  initiation  to  IDLE  speed  (60%  N2) . 


CAUTION 

Light-up  on  NORMAL  START  shall  occur  within  30  seconds 
after  power  lever  is  moved  to  IDLE.  If  light-uD,  as 
evidenced  by  increase  in  exhaust  gas  temoerature,  does  not 
occur  within  45  seconds,  return  power  lever  to  OFF, 
de-energize  starting  and  ignition  systems,  and  investigate 
to  find  reasons  for  difficulty.  Allow  at  least  one  minute 
for  excessive  fuel  to  drain  before  attempting  another 
start. 


7.  De-energize  ignition  system. 

8.  Record  steady-state  data.  To  ensure  proper  engine  cooling  and 
maximum  oil  scavenging,  all  shutdowns  shall  be  made  by  running 
for  five  minutes  at  IDLE  rpm,  followed  by  30  seconds  at  75 
percent  rpm,  and  then  closing  power  lever  to  OFF  position. 


CAUTION 

In  emergency,  shutdown  shall  be  made  from  any  power  lever 
position,  however,  if  emergency  shutdown  is  made,  engine 
shall  be  rotated  by  hand  to  ensure  it  is  free  before 
another  start  is  attempted. 


9.  Immediately  following  shutdown,  inspect  front  comoressor  front 
bearing  for  oil  leakage.  Record  run  down  time  for  both  rotors. 

10.  Check  oil  level  and  take  SOAP  sample  If  applicable.  SOAP 
samples  should  be  taken  after  approximately  10  running  hours. 

11.  End  of  Procedure. 
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Engine  and  Fuel  Control  System  Check 

1.  Conduct  engine  start  per  Engine  Starting  and  Shutdown  Procedure 
and  stabilize  for  S  minutes. 

2.  Altitude  test  facilities  set  conditions  P2  ■  PAMB  «  82.7  +  .7 
kPa  (12  +  .1  psia)  and  T2  -  288.15  +  I.IOR  (59  +  2°F) . 

Sea-level  test-facilities  conduct  system  check  at  ambient 
conditions. 

3.  Slowly  advance  PLA  to  determine  exact  N1  rotor  soeed  at  which 
compressor  bleed  valves  close.  Monitor  PB  for  indication. 
Record  Transient  Data. 

4.  Slowly  retard  PLA  to  determine  exact  N1  rotor  speed  at  which 
compressor  bleed  valves  open.  Record  Transient  Data. 


CACTION 

A.  Bleed  valve  operation  must  occur  within  limits  shown 
in  Fig.  III-l. 


5.  Set  idle  power  (PLA  *  26.5  deg). 

6.  Observed  N2  should  be  within  limits  shown  in  Fig.  XII-2.  Note 
any  discrepancies  and  continue.  If  engine  is  out  of  trim, 
terminate  testing  and  consult  with  AGARD  authorities. 

7.  Advance  PLA  to  engine  part  power  operation  (PLA  »  70  deg). 
Observe  all  engine  operating  limits  in  Aopendix  IV. 

NOTE:  Mild  comoressor  stalls  are  common  with  the  J57  engine 

at  low  rotor  speed.  If  encountered  and  does  not 
immediately  clear,  retard  PLA  to  IDLE. 

Normal  Operation 

1.  The  J57  engine  does  not  require  warmuD  time  at  idle  before 
accelerating  to  military  (90°  PLA).  However,  at  least  enough 
time  should  be  spent  at  idle  to  check  engine  oarameters  such  as 
TT5 ,  Ml,  N2,  MOP',  PMB ,  PFO ,  PFl,  WF ,  PCP,  vibs  and  to  visually 
check  engine  for  fluid  leakage. 

2.  During  all  excursions  to  military,  check  comoressor  bleeds  for 
proper  closing. 

3.  Mild  compressor  stalls  near  idle  during  transients  are  not 
unusual  with  the  J57  engine. 

4.  The  control  system  does  not  incorporate  inlet  pressure 
compensation,  therefore,  at  some  altitude  conditions,  PLA  will 
have  to  be  modulated  to  prevent  turbine  overtemperature. 


A- 1 24 


5.  During  acceleration  from  Idle  to  military,  temporary  overshoot 
of  TT5,  Ml,  M2  and  Gn  will  probably  occur.  Overshoot  will  last 
from  2  to  4  minutes,  decreasing  during  this  period.  As  long  as 
engine  transient  limits  are  not  exceeded,  engine  may  be  allowed 
to  stabilize  at  military. 

6.  Engine  shutdown  should  be  proceeded  by  5-minute  stabilization  at 
IDLE.  If  oil  level  is  to  be  checked,  accel  to  764.5  Hz  (7300 
rpm)  N2  for  30  sec  prior  to  shutdown  to  scavenge  excess  oil  from 
the  bearing  compartments. 

7.  Ensure  engine  performance  is  comoarable  to  Fig.  III-l  through 
III-5. 

8.  Slowly  advance  PLA  to  military  power  (PLA  -  90  deg) . 

9.  Check  turbine  cooling  air  requirements  per  Fig.  IV-3 
(Appendix  IV) . 

10.  Adjust  oil  cooler  water  flowrate  to  achieve  oil  temperature  out 
of  cooler  (TOCO)  of  366.5  +  S.6°K  (200  ±  10°F) . 

11.  Conduct  engine  shutdown  per  Engine  Starting  and  Shutdown 
Procedure. 

Engine  Performance  Testing 

1.  Conduct  engine  start  per  Engine  Starting  and  Shutdown 
Procedure. 

2.  At  idle  power,  set  test  condition  soecified  in  Test  Directive. 
All  test  conditions  and  engine  power  settinqs  are  listed  in 
Section  8.  Suggested  tolerances  for  altitude  test  facilities 
are:  pressure  +  .7  kPa  (+  .1  psia) ,  temoerature  +  1.1°K  (+ 

2°F) ,  and  ram  ration  (P2/PO)  within  +  .5%  of  cTe sired  level. 

Note  that  engine  trim  checks  and  trim  adjustments  should  not  be 
required  for  the  conduct  of  the  AGARD  UETP.  The  engines  were 
trimmed  prior  to  the  initiation  of  the  UETP  by  NASA.  In  the 
event  that  the  desired  engine  power  settings  cannot  be  obtained 
(due  to  engine  "trim  slip"  or  "engine  deterioration"),  the 
chairman  of  Working  Group  15  should  be  contacted  for  direction- 
and  or  authorization  of  any  corrective  engine  maintenance 
action. 

3.  Conduct  engine  shutdown  per  Engine  Starting  and  Shutdown 
Procedure. 

4.  End  of  Procedure. 


ENGINE  ROTOR  SPEED  RATIO,  N1/N2 
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ENGINE  PRESSURE  RATIO,  PT7/PT2 

fig. .rri-3. 


-15 


ENGINE  ROTOR  SPEED  RATIO  AS  A  FUNCTION  OF  ENGINE 
PRESSURE  RATIO  AT  SEA-LEVEL-STATIC  CONDITIONS. 


UPC  PIIESSURE  RATIO,  PS25/PT2 


1.8  2.0  2.2  2.4  2.6  2.8 

ENGINE  PRESSURE  RATIO,  PT7/PT2 

FIG. . I II— 4.  LPC  PRESSURE  RATIO  AS  A  FUNCTION  OF  ENGINE 

PRESSURE  RATIO  AT  SEA-LEVEL-STATIC  CONDITIONS 


PRESSURE  nATIO,  PS3/PT2 
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FIG.  III-5.  PRESSURE  RATIO  AS  A  FUNCTION  OF  ENGINE  PRESSURE 

RATIO  AT  SEA-LEVEL-STATIC  CONDITIONS. 
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APPENDIX  IV 

(Refer  to  T.O.  2J-J57-13  for  Official  Limits) 
ENGINE  OPERATIONAL  LIMITS 


DESCRIPTION  PARAMETER  LIMITS (2) 

Fuel  Pressure  at  Inlet  to  Engine  PFO  34. S  kPag  (5  psig)  -  Minimum 

344.7  kPag  (50  psig)  -  Maximum 

Main  Oil  Pump  Discharge  Pressure  MOP  241.3  kPad  (35  psid)  -  Minimum 

at  Idle 

310.3  (45)  +  34.5  kPad  (5) 
psid  -  Minimum  at  Military 

Main  Oil  Breather  Pressure  PMB  13.55  kPa  (4  in.  Hg)  -  Maximum 

Steady-State 

37.25  kPa  (11  in.  Hg)  -  Maximum 
Transient 

Main  Oil  Temperature  MOT  394. 3°K  (250°F)  -  Maximum 

Steady-State 

405. 4°K  (270°F)  -  Maximum 
Transient 


Start  Fuel  Flow  Rate  WFE  1259.98  g/sec  (1000)  lbm/hr  - 

Maximum 


Low  Rotor  Speed  NL  6460  rpm  -  Maximum 

Low  Pressure  Compressor  Bleed 

Control  Limits  See  Fig.  iv-l 

High  Rotor  Speed  NH  9925  mm  -  Maximum 

High  Rotor  Speed  Idle  Trim  NH  Idle 

Limits  Limit  See  Fig.  IV-2 

Turbine  Cooling  Air  Pressure  PC?  See  Fig.  IV-3 


Exhaust  Gas  Temperature  T5H  723.15°K  (842°F)  -  Maximum 

S  tarting 

883 . 15°K  (1130°F)  -  Maximum 
Steady-State 

910 . 93°K  (1180°F)  -  Maximum 
Transient 


Exhaust  Gas  Temperature  T5A01 

Individual  Probe  Limit  thru  04  922.04°K  (1200°F)  -  Maximum 


Exhaust  Gas  Temperature 
Spread  (Max-Mln) 


SPREAD 


83°K  (150°F)  -  Maximum 


ENGINE  OPERATIONAL  LIMITS (1) 
(continued) 


DESCRIPTION 

PARAMETER 

LIMITS 

Exhaust  Gas  Temperature 

Starting 

TT7 

722 . 04°K  (840°F)  -  Maximum 

S  teady-State 

Oil  Temperature  Heat 

Exhchanger  Operating  Limits 

TOCO 

366.5  (200)  +  5.6°K  (10°F) 

Inlet  Case  Vibration 

VIC 

5.0  Mils  Peak-to-Peak  -  Maximum 

Diffuser  Case  Vibration 

vdc 

4.5  Mils  Peak-to-Peak  -  Maximum 

Turbine  Exhaust  Case 

Vibration 

VTC 

4.5  Mils  Peak-to-Peak  -  Maximum 

Accessory  Drive  Case 

Vibration 

VAD 

7.0  Mil3  Peak-to-Peak  -  Maximum 

Oil  Consumption 

.526  ml/sec  (4  Pints/Hr)  - 
Max imum 

Accessory  Fuel  Drain 

Line  Leakage 

PSD  Valve 
Fuel  Cent. 
Fuel  Pump 

10  cc/Min  -  Maximum 

20  cc/Min  -  Maximum 

10  cc/Min  -  Maximum 

NOTES : 


(1)  Limits  extracted  from  T.O.  2J-J57-13,  Section  IX. 

(2)  Limits  are  steady-state  unless  otherwise  noted. 
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APPENDIX  V 

Calculation  of  Kinematic  Viscosity  Constants 

Each  test  participant  must  calculate  their  own  fu el  viscosity- 
temperature  characteristics.  The  method  for  calculating  the  constants  A 
and  B  in  the  viscosity  equation  is  outlined  in  part  XI. 4  of  the  attached 
ASTM  D341,  providing  values  of  viscosity  used  in  the  derivation  are  less 
than  2.0  cSt.  Two  experimental  points  yield  two  equations  with  two 
unknowns  that  can  be  solved  for  A  and  B.  A  comoarison  of  the  NASA 
supplied  constants  and  the  NRCC  constants  are  shown  in  Figure  IV. 1. 

While  differing  values  of  viscosity  will  not  affect  the  accuracy  of 
turbine  flow  meters  in  the  linear  high-flow  flow  range,  a  potential 
inaccuracy  exists  in  the  low  flow  range. 
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ATTACHMENT  FOR  APPENDIX  V 


XI .  MATHEMATICAL  RELATIONSHIPS 


XI. 1  The  charts  were  derived^  with  computer  assistance  to  provide 
linearity  over  a  greater  range  on  the  basis  of  the  most  reliable  of 
modern  data.  The  general  relationship  is: 

log  log  Z  -  A  -  B  log  T  (1) 


where: 


Z 

log 

v 

T 

A  and  B 

C 

D 

E 

F 

G 

H 


(v+  0.7  +  C-  D  +  E-  F  +  G-H) 

logarithm  to  base  10 

kinematic  viscosity,  cST  (or  mmVs) 

temperature,  K  or  °R 

constants 

exp  (-1.14883  -  2.65868  v  ) 
exp  (-0.0038138  -  12.5645 v) 
exp  (5.46491  -  37.6289  v  ) 
exp  (13.0458  -  74.6851  v  ) 
exp  (37.4619  -  192.643  v  ) 
exp  (80.4945  -  400.468  v  ) 


XI. 1.1  Terms  C  through  H  are  exponentials  on  the  natural  base  e 
since  this  simplifies  comouter  programming.  Eouation  1  uses  logarithms 
to  the  base  10  for  general  convenience  when  used  in  short  form. 


XI. 

1, 

,2  The  limits  of  applicability  are  listed 

below: 

z  » 

(  v 

+ 

0.7) 

2 

X 

107  to 

2.00 

cSt 

z  - 

(  V 

+ 

0.7 

+  C) 

2 

X 

107  to 

1.65 

cSt 

z  = 

(  V 

+ 

0.7 

+  C  -  D) 

2 

X 

107  to 

0.90 

cSt 

z  = 

(  V 

+ 

0.7 

+  C  -  D  +  E) 

2 

X 

107  to 

0.30 

cSt 

z  » 

(  V 

+ 

0.7 

+  C-  D  +  E-  F  +  G) 

2 

X 

107  to 

0.24 

cSt 

z  = 

(  V 

+ 

0.7 

+  C-  D  +  E-  F  +  G-H) 

2 

X 

10 7  to 

0.21 

cSt 

XI. 

2 

It 

is  obvious  that  Eq.  1  in  the 

simolif ied 

form: 

log 

log  (  v  + 

0.7) 

a 

A 

-  B 

log  T  will  permit  kinematic 

viscosity 

calculations 

for  a 

given  fluid  in  the  majority  of  instances  reauired.  The  constants  A  and  B 
can  be  evaluated  for  a  fluid  from  two  data  points.  Kinematic  viscosities 
or  temperatures  for  other  points  can  then  be  readily  calculated. 


XI. 3  Older  literature  refers  to  a  value  called  the  ASTM  Slooe.  It 
should  be  noted  that  this  value  is  not  the  value  of  B  oiven  in  Ea.  1. 

The  ASTM  Slope  was  originally  obtained  by  physically  measuring  the  slooe 
of  the  kinematic  viscosity-temperature  data  olotted  on  the  older  charts 
given  in  Method  D  341  -  43.  The  kinematic  viscositv  and  temperature 
scales  were  not  made  to  the  same  ratios  in  Method  D  341  -  43.  The 
improved  charts  given  here  utilize  even  different  scale  ratios  for 
dimensional  convenience  and  a  different  constant  (0.7)  from  the  older 
charts;  consequently,  the  original  ASTM  Slooe  is  not  numerically 
equivalent  to  B  in  Eq.  1  from  any  of  the  new  charts,  nor  directlv 
convertible  from  Eq.  1. 
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XI. 4  The  complete  design  equation  for  the  chart  as  given  in  XI. 1  is 
not  useful  for  inter-calculations  of  kinematic  viscosity  and  temoerature 
over  the  full  chart  kinematic  viscosity  range.  More  convenient 
equations6  which  agree  closely  with  the  chart  scale  are  given  below. 
These  are  necessary  when  calculations  involve  kinematic  viscosities 
smaller  than  2.0  cSt. 


log  log  2  *  A  -  B  loq  T  (2) 

Z  -  +  0.7  +  exp  (-1.47  -  1.84  v  -  0.51  v 2)  (3) 

v  =»  2  -  0.7  -  exp  (-0.7487  -  3.295  2  -  0.7 

9  (4) 

+  0.6119  Z  -  0.7  2  -  0.3193  2  -  0.7  3) 

The  symbols  have  the  same  meaning  as  given  previously. 

XI. 4.1  Inserting  Eq.  3  into  Eq.  2  will  permit  solving  for  the 

constants  A  and  B  for  a  fluid  in  which  some  of  the  experimental  kinematic 

viscosity  data  fall  below  2.0  cSt.  This  form  can  also  be  used  to 
calculate  the  temperature  associated  with  a  desired  kinematic  viscosity. 

XI. 4. 2  Conversely,  the  kinematic  viscosity  associated  with  a  stated 
temperature  can  be  found  from  the  equation  determined  as  in  XI. 4.1  by 
solving  for  2  in  the  substituted  Eq.  2,  and  then  subsequently  deriving 

the  kinematic  viscosity  from  the  value  of  2  by  the  use  Eq.  4. 


5  Wright,  W.  A.,  An  Improved  Viscosity-Temperature  Chart  for 

Hydrocarbons.  Journal  of  Materials.  Vol.  4.  No.  1.  1969,  op.  19-27. 

6  Manning,  R.  E.,  "Computational  Aids  for  Kinematic  Viscosity 
Conversions  from  100  and  210°P  to  40  and  100°C."  Journal  of  Testing 
and  Evaluation.  JTEVA,  Vol.  2.  No.  6.  November  1974. 
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X2.  OIL  BLENDING  CALCULATIONS 

X2.1  Predicting  the  volume  fractions  of  two  given  oils  when  blending 
to  meet  a  specified  kinematic  viscosity  at  a  given  temperature  is  a 
common  problem.  A  number  of  blending  calculation  techniques  have  been 
used.  The  Wright  method  described  here  is  preferred  since  it 
automatically  allows  for  the  effects  of  oil  type,  molecular  weiqht  and 
viscosity  index  of  component  oils.  This  results  in  greater  accruacy, 
particularly  where  component  oil  kinematic  viscosities  or  types  differ 
significantly. 
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For  individual  items  see  A85-39058  to  A85-39071.  approximately  follows  a  normal  distribution.  The 
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14.  Abstract 

The  AGARD  Propulsion  and  Energetics  Panel  has  sponsored  an  international,  inter-facility 
comparison  programme  for  turbine  engine  test  facilities  over  the  past  nine  years.  The  effort  was 
driven  by  the  critical  nature  of  engine  test  measurements  and  their  influence  on  aircraft 
performance  predictions,  as  well  as  the  need  for  a  sound  understanding  of  test-related  factors 
which  may  influence  such  measurements.  The  basic  idea  was  that  a  nominated  engine  would  be 
tested  in  several  facilities,  both  ground-level  and  altitude,  the  results  then  compared,  and 
explanations  sought  for  any  observed  differences.  This  Lecture  Series  presents  the  information 
obtained  from  this  comprehensive  program.  Emphasis  is  given  to  the  definition  and  explanation  of 
differences  in  test  facility  measurements  and  to  the  lessons  learned  from  this  unique  experiment. 

This  Lecture  Series,  sponsored  by  the  Propulsion  and  Energetics  Panel  of  AGARD.  has  been 
implemented  by  the  Consultant  and  Exchange  Programme. 
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